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1
CONTROL OF
N-(PHOSPHONOMETHYL)IMINODIACETIC
ACID CONVERSION IN MANUFACTURE OF
GLYPHOSATE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 11/910,146, filed Jun. 20, 2008, now U.S. Pat.
No. 7,799,571, issued on Sep. 21, 2010. U.S. patent applica-
tion Ser. No. 11/910,146 was a United States national stage
application based on International Application No. PCT/
US2006/012214, filed Apr. 3, 2006, and claims the benefit of
U.S. provisional application Ser. No. 60/667,783, filed Apr. 1,
2005.

BACKGROUND OF THE INVENTION

This invention relates to the preparation of N-(phospho-
nomethyl)glycine (“glyphosate”) from N-(phosphonom-
ethyl)iminodiacetic acid (“PMIDA”), and more particularly
to methods for control of the conversion of PMIDA, for the
identification of reaction end points relating to PMIDA con-
version and the preparation of glyphosate products having
controlled PMIDA content.

N-(phosphonomethyl)glycine, known in the agricultural
chemical art as glyphosate, is a highly effective and commer-
cially important broad spectrum phytotoxicant useful in con-
trolling the growth of germinating seeds, emerging seedlings,
maturing and established woody and herbaceous vegetation,
and aquatic plants. Glyphosate is used as a post-emergent
herbicide to control the growth of a wide variety of annual and
perennial grass and broadleaf weed species in cultivated crop
lands, including cotton production, and is the active ingredi-
ent in the ROUNDUP family of herbicides available from
Monsanto Company (Saint Louis, Mo.).

Glyphosate and salts thereof are conveniently applied in
aqueous herbicidal formulations, usually containing one or
more surfactants, to the foliar tissues (i.e., the leaves or other
photosynthesizing organs) of the target plant. After applica-
tion, the glyphosate is absorbed by the foliar tissues and
translocated throughout the plant. Glyphosate noncompeti-
tively blocks an important biochemical pathway that is com-
mon to virtually all plants. More specifically, glyphosate
inhibits the shikimic acid pathway that leads to the biosyn-
thesis of aromatic amino acids. Glyphosate inhibits the con-
version of phosphoenolpyruvic acid and 3-phosphoshikimic
acid to S-enolpyruvyl-3-phosphoshikimic acid by inhibiting
the enzyme 5-enolpyruvyl-3-phosphoshikimic acid synthase
(EPSP synthase or EPSPS) found in plants.

Various commercial processes are available for the prepa-
ration of glyphosate. For example, glyphosate may be pro-
duced by the catalytic oxidation of PMIDA in an aqueous
medium. Such reaction may be conducted in either a batch or
continuous mode in the presence of a catalyst that typically
comprises particulate carbon, or a noble metal such as Pton a
carbon support. The catalyst is typically slurried in an aque-
ous solution of PMIDA within a stirred tank reactor, and
molecular oxygen introduced into the reactor to serve as the
oxidant. The reaction is exothermic. Temperature of the reac-
tor is conventionally controlled by transfer of heat from the
reaction mixture to a cooling fluid in an indirect heat
exchanger. The heat exchanger may comprise coils immersed
in the reaction mixture within the reactor, a jacket on the
exterior of the reactor, or an external heat exchanger through
which the reaction mixture is circulated from the reactor.

40
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2

Recovery of the glyphosate product typically comprises
one or more crystallization steps. The mother liquor stream or
streams obtained in the crystallization may be recycled to
crystallization or reaction steps of the process. A fraction of
the mother liquor(s) is generally removed from the process in
order to purge by-products. Crystallized glyphosate may be
dried and sold as a solid crystalline product. A substantial
fraction of the glyphosate crystals are commonly neutralized
with a base such as isopropylamine, KOH, etc. in an aqueous
medium to produce a concentrated salt solution. A concen-
trated formulation comprising such glyphosate salt solution,
and often also other components such as, for example, various
surfactants, is a principal product of commerce.

Itis desirable to achieve substantially complete conversion
of PMIDA to glyphosate during the course of the reaction.
Although some unreacted PMIDA can be recovered and
recycled to the reaction system, there are unavoidable losses
that translate into loss of yield. The quality of the glyphosate
product may also be compromised by residual PMIDA that is
not removed in the glyphosate product recovery system.

Processes have been proposed by which the reaction can be
deliberately conducted only to partial conversion, and the
resulting relatively large fraction of unreacted PMIDA sepa-
rated from the reaction mixture and recycled to the reaction
system. However, processes which require the recycle of a
high fraction of PMIDA involve capital intensive recovery
and recycle systems, and require relatively complicated
schemes for removal of impurities. As a consequence, it is
often preferred to conduct the oxidation reaction to a high
conversion, in some instances to a substantial extinction of
PMIDA.

However, itis not desirable to extend the reaction time so as
to unnecessarily expose the product glyphosate to the acidic
and oxidative conditions of the aqueous reaction system.
Glyphosate itself is subject to oxidation to form the by-prod-
uct aminomethylphosphonic acid (“AMPA”). Relatively
extended and/or severe reaction conditions can be effective to
drive the conversion of PMIDA to glyphosate, but can also
cause a loss of glyphosate yield by further conversion of
glyphosate to AMPA. Extending the reaction cycle also
increases the potential for loss of yield in the formation of
N-methylglyphosate (“NMG™) by reaction of by-product
formaldehyde or formaldehyde and formic acid with glypho-
sate. Other impurities such as N-formylglyphosate (“NFG™),
N-methylaminomethylphosphonic acid (“MAMPA”) and
glycine may also be formed. All these impurities and by-
products may also potentially compromise the quality of the
glyphosate product.

Consequently, there is a need in the art for methods for
monitoring the conversion of PMIDA to glyphosate, and
more particularly for identifying an end point at which, or
residence time over which, a target conversion (target residual
PMIDA concentration) has been attained. A PMIDA content
up to about 6000 ppm by weight, basis glyphosate in the
ultimate glyphosate product is typical of commercial produc-
tion. In a product recovery process comprising crystallization
of glyphosate such as that described, e.g., in U.S. Application
Publication No. US 2005/0059840 Al, expressly incorpo-
rated herein by reference, the PMIDA content of the glypho-
sate product can be maintained at less than 6000 ppm if the
PMIDA content of the product reaction solution is not greater
than about 2500 ppm on a glyphosate basis.

SUMMARY OF THE INVENTION

The present invention provides multiple modifications and
improvements in a process for preparing glyphosate by the
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catalytic oxidation of PMIDA. Process modifications are dis-
closed which provide for the preparation of a glyphosate
product having a relatively low PMIDA content. Certain of
these modifications comprise selection and control of reac-
tion conditions to produce a product reaction solution of
glyphosate which has a lower PMIDA content than has been
achieved in normal practice. Further in accordance with the
invention, various methods are disclosed for monitoring the
conversion of PMIDA in the catalytic oxidation reaction, for
detecting an end point of a batch oxidation reaction, for
determining an appropriate residence time in a continuous
oxidation reaction, and/or for selecting and controlling reac-
tion conditions for the production of a reaction product hav-
ing a relatively low residual PMIDA content.

Briefly, therefore, in several of its aspects, the present
invention is directed to a process for the preparation of gly-
phosate comprising oxidation of PMIDA or a salt thereof. The
process comprises contacting PMIDA with an oxidizing
agent in an aqueous reaction medium within an oxidation
reaction zone in the presence of a catalyst for the oxidation,
thereby effecting oxidation of PMIDA and producing a reac-
tion solution comprising glyphosate or another intermediate
which can be converted to glyphosate.

In various embodiments, the reaction solution is further
processed to produce a glyphosate product containing not
more than about 600 ppm PMIDA or salt thereof; and in
certain of these embodiments, the oxidation of PMIDA in the
aqueous reaction medium is continued until the concentration
of PMIDA in the reaction medium has been reduced to a
terminal concentration such that product recovery or other
further processing yields a glyphosate product comprising
not greater than about 600 ppm by weight PMIDA, basis
glyphosate.

The invention is further directed to a method of supplying
a glyphosate product for applications in which it is desirable
to maintain the PMIDA content of the product at consistently
less than about 0.06 wt. % on a glyphosate basis. In accor-
dance with the method, glyphosate is produced in a manufac-
turing facility by a process which comprises catalytic oxida-
tion of PMIDA in an aqueous medium within an oxidation
reaction zone in the presence of a catalyst for the oxidation.
During designated operations within the facility, the process
is conducted under conditions effective to consistently pro-
duce a glyphosate product having a PMIDA content less than
about 0.06 wt. %, basis glyphosate. The product produced
during such designated operations is segregated from other
glyphosate product produced during other operations
wherein the other glyphosate product has an PMIDA content
greater than about 0.06 wt. %, basis glyphosate.

The invention is further directed to various methods for
monitoring or detecting the conversion of PMIDA to glypho-
sate or another intermediate for glyphosate in the course of
the catalytic oxidation of PMIDA in an aqueous reaction
medium within an oxidation reaction zone.

One such method comprises obtaining a series of Fourier
transform infrared (“FTIR”) analyses of the PMIDA content
of the aqueous reaction medium or a sample thereof during
the course of the reaction. A target conversion of PMIDA is
identified for oxidation of PMIDA to glyphosate or another
intermediate for glyphosate, and/or by a target residual
N-(phosphonomethyl)iminodiacetic acid content. From a
plurality of FTIR analyses, a projection is made of the batch
reaction time or continuous oxidation residence time within
the oxidation reaction zone at which said target conversion or
end point may be anticipated to be attained.

In another method for estimating PMIDA conversion or
residual PMIDA content, a potential is applied between a

10

15

20

25

30

35

40

45

50

55

60

65

4

working electrode and another electrode immersed in the
aqueous reaction medium or a sample thereof. Measurement
is made of a function of the power consumed in maintaining
a select current density, or a select potential difference
between the electrodes.

According to a still further method for monitoring or
detecting the conversion of PMIDA to glyphosate or another
intermediate for glyphosate in the course of the catalytic
oxidation of PMIDA in an aqueous reaction medium within
an oxidation reaction zone, the exothermic heat generated in
the oxidation reaction is measured; and the proportion of
PMIDA that has been converted to glyphosate or another
intermediate in the reaction zone is estimated by a method
comprising comparing the heat generated in the reaction zone
with the mass of PMIDA charged to the reaction zone and the
exothermic heat of reaction for the oxidation of PMIDA to
glyphosate or another glyphosate intermediate.

In particular applications, the instantaneous rate of exo-
thermic heat generated in the oxidation reaction zone is moni-
tored during conversion of PMIDA to glyphosate or the
another intermediate for glyphosate; and the residual concen-
tration of PMIDA in the aqueous reaction medium within the
reaction zone is estimated by a method comprising compar-
ing the rate of exothermic heat generation with the mass of
aqueous medium containing PMIDA that is charged to the
reaction zone or a function thereof. In a particular application
of this method, the rate of heat generation is measured under
conditions of non-zero order oxidation of PMIDA to glypho-
sate.

Another method for monitoring or detecting the conversion
of PMIDA to glyphosate or another intermediate for glypho-
sate in the course of the catalytic oxidation of PMIDA in an
aqueous reaction medium within an oxidation reaction zone
comprises measuring the generation of carbon dioxide in the
reaction zone; and the proportion of PMIDA that has been
converted to glyphosate or another intermediate in reaction
zone is estimated by a method comprising comparing the
carbon dioxide generated in the reaction zone with the mass
of PMIDA charged to the reaction zone and the unit carbon
dioxide generation obtained from the oxidation of PMIDA to
glyphosate or the other intermediate for glyphosate. The esti-
mate of conversion is made either on the basis of cumulative
CO, generation, instantaneous CO, generation, or a combi-
nation thereof. In a particular application, the instantaneous
rate of CO, generation is measured under conditions of non-
zero order reaction.

In a PMIDA oxidation reaction wherein the oxidizing
agent comprises molecular oxygen, the conversion of
PMIDA to glyphosate and the residual PMIDA concentration
can also be estimated from the cumulative consumption of
oxygen or the instantaneous rate of oxygen consumption
during the reaction. In certain advantageous embodiments the
instantaneous rate of oxygen consumption is measured under
conditions of non-zero order reaction.

In various applications of the method wherein the oxygen
consumption are tracked, the method is otherwise similar to
or substantially the same as that described above with respect
to FTIR.

In further embodiments of the invention, the residual
PMIDA concentration or extent of conversion can be moni-
tored by following the dissolved oxygen content or oxidation/
reduction potential of the aqueous reaction medium wherein
the oxidation of PMIDA takes place, or the CO, content of the
vent gas from the reaction zone. Where the oxidizing agent
comprises molecular oxygen, the progress of the conversion
or the residual PMIDA concentration may be determined
from the O, content of the vent gas. A high conversion and/or
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reaction end point is typically indicated by an increase in the
O, content or a decrease in the CO, content of the vent gas; or
by an increase in the dissolved oxygen content of the aqueous
reaction medium.

In a still further embodiment of the invention, a series of
chromatographic analyses of the PMIDA content of the aque-
ous reaction medium are obtained during the course of the
oxidation reaction and a target conversion of PMIDA and/or
a target end point defined by a target residual PMIDA con-
centration is identified and the series of chromatographic
analyses used to project the batch reaction time or continuous
oxidation residence time at which the target conversion or end
point may be anticipated to be attained. In another embodi-
ment for monitoring or detecting the conversion of PMIDA to
glyphosate or another intermediate for glyphosate in the
course of the catalytic oxidation of PMIDA in an aqueous
reaction medium within an oxidation reaction zone, the ami-
nomethylphosphonic acid content of the aqueous reaction
medium is monitored and used to determine the conversion of
PMIDA or identify an endpoint of the oxidation reaction.

The various methods of the invention for monitoring con-
version, detecting or projecting a reaction end point, and/or
detecting residual PMIDA concentration may be used in com-
bination. Any two or more of the disclosed methods can be
combined. For example, a particular method may provide a
cross check of one or more of the others or otherwise provide
a basis for refining the estimate obtained from another
method or combination of other methods.

As further disclosed herein, the methods for monitoring
conversion can be integrated into a programmed process con-
trol scheme based on an algorithm that may be based on
historical operating and analytical data, and which can be
updated by on-line or off-line analytical data in combination
with current or historical measurement of various process
parameters, including but not limited to those that form the
specific basis for the estimates of conversion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic flow sheet illustrating a continuous
process for the manufacture of glyphosate from PMIDA, in
which the modifications of the present invention for produc-
tion of a low PMIDA content glyphosate product may be
implemented;

FIG. 2 is a schematic flow sheet illustrating an alternative
embodiment of the process of FIG. 1 in which PMIDA that
accumulates in the product recovery area can be removed
from the process in a controlled manner, more particularly in
a manner that allocates PMIDA removal between a solid
glyphosate acid product, a concentrated glyphosate salt solu-
tion, and a purge stream;

FIG. 3 is a schematic flow sheet illustrating an exemplary
ion exchange system that may be used in conjunction with the
process for the manufacture of glyphosate illustrated in FIG.
lor2;

FIG. 4 is a schematic flow sheet illustrating an evaporative
crystallization system modified to accommodate low PMIDA
content in the feed solution without excessive fouling of the
heat exchange surfaces and which may be used in conjunction
with the process for the manufacture of glyphosate illustrated
in FIG. 1 or 2;

FIG. 51s a family of plots of residual reactant concentration
vs. time in a batch reactor (or vs. distance in a plug flow
reactor), with separate curves respectively representing zero
order, first order, and second order kinetics, wherein the first
derivative of each curve at any given time or location repre-
sents instantaneous reaction rate at that time or location;
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FIG. 6 is a family of plots of the log (reaction rate) vs. log
(residual reactant concentration) in a batch reactor (or vs.
distance in a plug flow reactor), with separate curves again
representing zero order, first order, and second order kinetics;

FIG. 7 is a trace from a process control chart comprising a
plot of voltage vs. time at a constant current in an electro-
chemical oxidation method for estimating the residual
PMIDA content during the catalytic oxidation of PMIDA to
glyphosate, and/or the end point of the catalytic oxidation
reaction;

FIG. 8 comprises voltage vs. time plots similar to FIG. 7,
but shows a series of voltage vs. time curves for different
select currents;

FIG. 9 is a plot of current and voltage vs. time illustrating
the principles of a select voltage method for estimating the
residual PMIDA content during the catalytic oxidation of
PMIDA to glyphosate, and/or the end point of the catalytic
oxidation reaction;

FIG. 10 is a diagram functionally illustrating the operation
of'a control system for implementing a select voltage method
for detecting the residual PMIDA content during the catalytic
oxidation of PMIDA to glyphosate, and/or the end point of the
catalytic oxidation reaction;

FIG. 11 is side elevation drawing of a probe that may be
used to carry electrodes that are mounted in a process stream
for measurement of electrochemical oxidation potential;

FIG. 12 is front elevation of the probe of FIG. 11;

FIG. 13 is a drawing in section of a pipe spool within which
the probe of FIGS. 11 and 12 may be inserted;

FIG. 14 is a block diagram illustrating a scheme for con-
trolling PMIDA conversion in a reaction system of the type
illustrated in FIGS. 1 and 2;

FIG. 15 is a flow sheet and instrumentation diagram for a
batch oxidation reactor illustrating the controls and measure-
ments by which cumulative heat generation embodiments of
the invention may be implemented;

FIG. 16 is an end view of an electrode probe that is similar
to FIG. 12 but showing only two electrodes (i.e., a working
electrode and a counterelectrode) as used in an electrochemi-
cal oxidation method for determining residual PMIDA or C,
by-products;

FIG. 17 is an overlay of control chart traces of voltage vs.
time at constant current showing cyclic reversal of polarity
and characteristic traces at both low conversion and high
conversion in a batch oxidation of PMIDA to glyphosate;

FIG. 18 shows profiles of dissolved oxygen content, oxy-
gen flow and voltage required to maintain a constant current
in a select current method of electrochemical end point detec-
tion during a batch oxidation of PMIDA to glyphosate;

FIG. 19 schematically illustrates the stepped voltage elec-
trochemical monitoring and detection method for PMIDA
concentration and reaction end point during batch oxidation
of PMIDA to glyphosate;

FIG. 20 shows the profile of O, and CO, content of the
reactor vent gas vs. time during batch oxidation of PMIDA to
glyphosate;

FIG. 21 shows the oxidation/reduction potential profile
during batch oxidation of PMIDA to glyphosate; and

FIG. 22 is a typical plot of log (reaction rate) vs. log
(residual PMIDA concentration) in the batch oxidation of
PMIDA to glyphosate, showing that the reaction is pseudo
zero order until high conversion has been achieved, thereafter
substantially first order.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In a preferred process for the manufacture of glyphosate,
an aqueous solution of N-(phosphonomethyl)iminodiacetic
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acid (“PMIDA”) is contacted with an oxidizing agent in the
presence of a catalyst. The catalyst may be, for example, a
particulate activated carbon as described in Chou U.S. Pat.
No. 4,624,937, a noble metal on carbon catalyst as described
in Ebner et al. U.S. Pat. No. 6,417,133, or a transition metal/
nitrogen composition on carbon catalyst as described in U.S.
Application Publication No. US 2004/0010160 A1; Interna-
tional Publication No. WO 2005/016519 Al; and copending
and co-assigned U.S. application Ser. No. 11/357,900, filed
Feb. 17, 2006, entitled TRANSITION METAL-CONTAIN-
ING CATALYSTS AND CATALYST COMBINATIONS
INCLUDING TRANSITION METAL-CONTAINING
CATALYSTS AND PROCESSES FOR THEIR PREPARA-
TION AND USE AS OXIDATION CATALYSTS, all of
which are expressly incorporated herein by reference.

Conventionally, the oxidation reaction is conducted in one
or more stirred tank reactors wherein the catalyst is slurried in
an aqueous solution of PMIDA. The reactor(s) may be oper-
ated in either a batch or continuous mode. Where the reaction
is conducted in a continuous mode, the aqueous reaction
medium may be caused to flow through a fixed bed compris-
ing a catalyst for the oxidation, or through a plurality of
continuous stirred tank reactors (“CSTRs”) in series. The
oxidizing agent is preferably molecular oxygen, though other
oxidants such as, for example, hydrogen peroxide or ozone,
may also be used. Where molecular oxygen is used, the reac-
tion is conveniently conducted at a temperature in the range
from about 70° C. to about 140° C., more typically in the
range from about 80° C. to about 120° C. Where a particulate
noble metal catalyst is used, it is typically slurried in the
reaction solution at a concentration of from about 0.5% to
about 5% by weight.

In a series of CSTRs, the temperature of each reactor is
independently controlled, but typically each reactor is oper-
ated in substantially the same temperature range as the
other(s). Preferably, the temperature is controlled at a level
that maintains glyphosate in solution and achieves substantial
oxidation of by-product formaldehyde and formic acid, with-
out excessive formation of either by-product iminodiacetic
acid (“IDA”), which typically results from oxidation of
PMIDA, or by-product aminomethylphosphonic acid
(“AMPA”), which typically results from oxidation of glypho-
sate. Formation of each of these by-products generally tends
to increase with temperature, with IDA formation occurring
principally in the first or second reactor where PMIDA con-
centration is highest, and AMPA being formed principally in
the last or penultimate reactor where glyphosate concentra-
tion is relatively high. Where the oxidant is molecular oxy-
gen, it may be introduced independently into one or more,
preferably all, of the series of CSTRs. Typically, the oxygen
pressure may be in the range of about 15 to about 300 psig,
more typically in the range of about 40 to about 150 psig.
Where CSTRs are arranged for cascaded flow without inter-
mediate transfer pumps, the pressure in each successive
CSTR is preferably lower than the pressure in the immedi-
ately preceding CSTR so as to assure a positive differential
for promoting forward flow. Typically, oxygen pressure in the
first of a series of CSTRs is operated at a level approximating
its pressure vessel rating, while each of the remaining reactors
in the series are operated at a pressure that is within its rating,
but also sufficiently below the pressure prevailing in the
immediately preceding reactor to ensure forward flow. For
example, in a system comprising three such reactors in series,
the first reactor might be operated at a pressure in the range of
from about 105 to about 125 psig, the second reactor at from
about 85 to about 100 psig and the third reactor at about 60 to
about 80 psig.
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A process comprising a series of CSTRs for manufacture of
glyphosate is illustrated in FIG. 1. Catalytic oxidation of
PMIDA is conducted in a series of CSTRs 101 to 105 in each
of which an aqueous solution of PMIDA is contacted with
molecular oxygen in the presence of a particulate catalyst
slurried in the aqueous reaction medium. A reaction mixture
or slurry exiting the final CSTR 105 is directed to a catalyst
filter 107 wherein particulate catalyst is removed for recycle
to the reaction system. For recovery of glyphosate product,
filtered reaction solution is divided between a vacuum crys-
tallizer 109, typically operated without substantial heat input
(i.e., substantially adiabatically) and an evaporative crystal-
lizer 111 wherein water is driven off the aqueous phase by
transfer heat from a heat transfer fluid such as steam. A
crystallization slurry 113 produced in vacuum crystallizer
109 is allowed to settle, and the supernatant mother liquor
115, which contains some unreacted PMIDA, is decanted and
may be recycled to the reaction system, typically to CSTR
101. A solid technical grade glyphosate may be recovered
from the underflow slurry 117 exiting the decantation step.
According to the optional process alternative illustrated in
FIG. 1, the concentrated vacuum crystallizer slurry 117
underflowing from the decantation is divided into two frac-
tions. One fraction 119 is mixed with the crystal slurry exiting
the evaporative crystallizer 111 and directed to a centrifuge
121 which separates a solid crystalline technical grade gly-
phosate acid product that may be used or sold in the form of
a solid wet centrifuge cake or after the centrifuge cake has
been dried in a conventional manner. The other vacuum crys-
tallizer underflow slurry fraction 123 is directed to another
centrifuge 125 which separates a solid crystalline product that
is used to prepare a concentrated glyphosate salt solution. For
this purpose, solids 126 exiting centrifuge 125 are directed to
a salt makeup tank 127 where they are neutralized with a base
such as potassium hydroxide (KOH) or isopropylamine in an
aqueous medium to a typical concentration of from about 400
to about 650 grams per liter, acid equivalent.

Mother liquor 129 from centrifuge 125 contains PMIDA in
a proportion sufficient to justify recycle of at least a portion
thereof'to reactor 101. Mother liquor 131 from centrifuge 121
is divided into a purge fraction 133, which is removed from
the process, and a recycle fraction 135, which is returned to
evaporative crystallizer 111.

In addition to unreacted PMIDA, the oxidation reaction
solution typically contains small proportions of other impu-
rities that are innocuous but generally ineffective as herbi-
cides, and which can compromise the crystallization step
and/or reduce productivity. These must ultimately be
removed from the process, in part via purge 133 and in part as
minor components of glyphosate products. To balance the
proportion of impurities purged in fraction 133 with those
removed in the aqueous glyphosate salt concentrate product,
a mother liquor transfer line 139 is provided for optional
transfer of mother liquor from line 135 to neutralization tank
127.

FIG. 2 illustrates a modest refinement of the process of
FIG. 1 wherein the crystal slurry exiting evaporative crystal-
lizer 111 is divided between centrifuge 121 and a parallel
centrifuge 137. The centrifuge wet-cake from centrifuge 121
is removed from the process and may be utilized or sold as a
solid technical grade glyphosate acid product, but the wet-
cake 134 from centrifuge 137 is directed to tank 127 for use in
preparing a glyphosate salt concentrate. The mother liquor
draining from both centrifuges 121 and 137 is combined as
stream 131 which is divided between purge stream 133 and
stream 135 which is recycled to the evaporative crystallizer.
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In operation of the continuous oxidation process depicted
in FIGS. 1 and 2, a slurry comprising an aqueous solution
comprising from about 6.5% to about 11% by weight PMIDA
is introduced continuously into CSTR 101. The aqueous reac-
tion medium formed in CSTR 101 may typically contain from
about 0.5% to about 5%, more typically from about 2% to
about 5% by weight of a particulate noble metal catalyst
suspended therein. For example, the catalyst may comprise a
bifunctional noble metal on carbon catalyst as described in
U.S. Pat. Nos. 6,417,133, 6,603,039, 6,586,621, 6,963,009,
and 6,956,005, U.S. Application Publication No. US 2006/
0020143 Al and International Publication No. WO 2006/
031938 A2, which are expressly incorporated herein by ref-
erence. A source of oxygen, e.g., air, or preferably oxygen
enriched air or substantially pure oxygen, is sparged into the
aqueous reaction medium within reactor 101 at pressure in
the range from about 105 to about 125 psig and reaction is
typically conducted at a temperature in the range from about
90° to about 115° C. Typically, a PMIDA conversion to gly-
phosate in the range of about 82% to about 85% is realized in
reactor 101. Reaction solution containing slurried catalyst
exiting CSTR 101 flows to second stage CSTR 103 which is
operated under substantially the same temperature conditions
as CSTR 101, but with oxygen sparged at an oxygen pressure
in the range from about 85 and about 100 psig. PMIDA
conversion achieved at the exit of reactor 103 is typically in
the range from about 90% to about 97% (i.e., conversion
within the second reactor is from about 8% to about 15%,
basis, the PMIDA charged to reactor 101).

Reaction solution with slurried catalyst exiting CSTR 103
flows to a third CSTR 105. Oxygen is sparged into reactor 105
at a pressure in the range of from about 60 to about 80 psig.
Typically, the temperature of reactor 105 is maintained in
substantially the same range as reactors 101 and 103. Con-
version in reactor 105 is typically 3% to 5%, basis the PMIDA
entering reactor 101, resulting in an overall PMIDA conver-
sion in the continuous reaction system from about 97% to
about 99.5%.

Reactors 101 through 105 are vented under feed back pres-
sure control. In a preferred mode of operation, the flow rate of
oxygen to each reactor is controlled to establish and maintain
a target consumption of the oxygen that is introduced into the
reactor in the oxidation of PMIDA and reaction by-products
such as formaldehyde and formic acid. The proportionate
consumption of oxygen introduced into the reactor is referred
to herein as the oxygen utilization. In conventional operation,
the pressure is preferably established at a level that provides
an oxygen utilization of at least 60%, preferably at least about
80%, more preferably at least about 90%. Consistent with the
preferred oxygen utilization, the oxygen feed is divided
among a series of CSTRs generally in proportion to the reac-
tion rate prevailing in each of the reactors. Preferably, the
reactors are sized to provide a residence time effective to
accomplish a substantial fraction of the conversion in the first
of'a series of, e.g., three CSTRs. For example, 65% to 80% of
the oxygen may be fed to the first of three reactors, 20% to
30% to the second, and 1% to 5% to the third. Typically,
reaction in all but the last of a series of CSTRs is pseudo zero
order in PMIDA. It is believed that this zero order reaction
behavior is due to the reaction being mass transfer limited
during this portion of the process. Under finishing conditions
in the last reactor, the reaction is non-zero order in PMIDA,
e.g., approximately first order. As discussed hereinbelow, as
the catalyst mass ages, deactivates, conversion may be main-
tained by increasing the oxygen flow rates, at the same or
different allocations of oxygen among reactors (e.g., in the
process of FIGS. 1 and 2 by increasing the proportion of
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oxygen introduced into reactor 101 or 103), to accomplish
more of the conversion in the reactors upstream of the last
reactor.

Where the oxygen utilization is relatively high, especially
where it is greater than 80% or 90%, it has been found that the
PMIDA content of the effluent from the final reactor is typi-
cally in the range of from about 800 to about 2500 ppm by
weight on a solution basis, i.e., from about 8000 to about
25000 ppm by weight on a glyphosate basis. Where glypho-
sate is recovered by crystallization from the reaction solution
in the manner described above, the PMIDA content of the
glyphosate product(s) is generally substantially higher than in
the product reaction solution exiting reactor 105. Due to
recycle of mother liquor containing PMIDA, the aqueous
crystallizer feed solutions from which glyphosate is crystal-
lized generally contain PMIDA in a ratio to glyphosate that is
at least 25% higher, or in various steady state operations at
least 50% higher, than the ratio of PMIDA to glyphosate in the
product reaction solution, generally substantially more than
50% higher (in a batch oxidation reaction process the PMIDA
concentration in the crystallizer feed solution may be =3x the
concentration in the oxidation reaction solution, more typi-
cally =5x%, even more typically =8x). The extent of PMIDA
buildup is limited by the volume of purge fraction 133. How-
ever, when a process of the type illustrated in FIGS. 1 and 2
has reached substantially steady state operation, a PMIDA
range of from about 800 to 2500 ppm by weight in the final
reaction solution may typically translate into a concentration
o1 2000 to 6000 ppm by weight on a glyphosate basis in the
final glyphosate product, provided that a purge stream is
provided in which a reasonable fraction, perhaps up to 10%,
of the PMIDA contained in the reaction solution is purged
from the process. Where more than one form of product is
produced, e.g., where product is provided in both the form of
solid technical grade particulate glyphosate acid product and
a concentrated solution of a glyphosate salt, the PMIDA
content may vary between the plural products, depending in
part on the direction and division of various process streams
in the product recovery scheme.

Itwill be understood that a variety of other schemes may be
used for the preparation of a glyphosate reaction solution by
the catalyzed oxidation of a PMIDA substrate and for the
recovery of glyphosate product(s) from a glyphosate reaction
solution in the form of a solid technical grade glyphosate
product and/or concentrated glyphosate salt solution. For
example, the filtered reaction solution may all be directed to
an evaporative crystallizer and the product recovered from the
crystallizer slurry in a filter or centrifuge for use either as
glyphosate acid or in the preparation of a concentrated gly-
phosate salt solution. In such process, the mother liquor may
be divided into a purge fraction and a fraction which is
recycled to the evaporative crystallizer. Alternatively, all or a
portion of the mother liquor which is not purged may be
recycled to the oxidation reaction system. Various oxidation
reaction systems for the catalytic oxidation of'a PMIDA sub-
strate and alternative process schemes for recovering plural
glyphosate products from the oxidation reaction solution,
including schemes utilizing substantially adiabatic vacuum
crystallization, are known and described, for example, by
Haupfear et al. in U.S. Pat. No. 7,015,351 and U.S. Applica-
tion Publication No. US 2005/0059840 A1, the entire con-
tents of which are expressly incorporated herein by reference.

The process as described above can be routinely operated
to generate a product reaction solution exiting the reaction
system having a residual PMIDA content of not greater than
about 0.25 wt. % (2500 ppm by weight), basis the reaction
solution, and that the glyphosate recovered from this solution
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in accordance with the process as illustrated in FIG. 2 typi-
cally has a PMIDA content not greater than about 0.6 wt. %
(6000 ppm by weight), glyphosate basis.

It has recently been discovered that, for some applications,
it is desirable to produce a glyphosate product having a
PMIDA content not greater than about 600 ppm by weight,
glyphosate basis. It has further been determined that a con-
centrated aqueous solution of glyphosate salt and a solid
glyphosate acid product, each having a glyphosate basis
PMIDA content of <600 ppm by weight, can be consistently
produced in accordance with the process of FIGS. 1 and 2,
provided that the conversion is sufficient to reduce the
PMIDA content of the product reaction solution to about 45 to
60 ppm by weight plus an increment corresponding to what-
ever fraction of PMIDA may be separated in the product
recovery system and returned to the reactor in recycle frac-
tions such as mother liquor streams 115 and 129. For
example, to achieve a target concentration of 50 ppm on a
glyphosate production rate basis where the PMIDA recycle
rate is 200 ppm on the same basis (i.e., the ratio of the rate at
which PMIDA enters the oxidation reaction zone(s) in the
recycle stream to the rate at which glyphosate flows out in the
product reaction solution stream), a residual PMIDA concen-
tration of about 250 ppm can be tolerated in the product
reaction solution exiting reactor 105. In the absence of sig-
nificant PMIDA recycle to the reaction system, as, for
example, in a typical batch reaction process, the PMIDA
content of the product reaction solution is preferably reduced
to the level sought in the PMIDA product. However, higher
levels can still be tolerated where the product recovery pro-
cess includes means for purging a PMIDA-enriched fraction,
such as by ion exchange of PMIDA from glyphosate as
described hereinbelow.

Inthe commercial manufacture of glyphosate, low levels of
PMIDA in the product reaction solution, effective to yield a
glyphosate product having a PMIDA content not greater than
about 600 ppm without excessive purge or special separation
techniques, have been occasionally and incidentally obtained
on a transitory basis under certain non-steady state operating
conditions, e.g., during startup of a glyphosate process. How-
ever, prior to the present invention, low or otherwise con-
trolled PMIDA content product has not been obtained on a
deliberate, consistent or reliable basis. In sustained operation
of conventional commercial systems for known commercial
applications, generation of such extra low PMIDA content
glyphosate would not have been justified, because of the
penalties in yield, productivity and/or quality (with respect to
by-product impurities such as AMPA and NMG) incurred
under the conditions which might have been effective for such
sustained operation.

In accordance with the invention, various process strata-
gems have been discovered for consistently and permanently
controlling the PMIDA content of the product reaction solu-
tion and particularly at a level below about 60 ppm, or below
the sum of about 60 ppm and an increment, if any, corre-
sponding to recycle of unreacted PMIDA from other process
operations, for example, in recycle to the oxidation reaction
zone from the glyphosate product recovery operation in the
continuous process illustrated in FIGS. 1 and 2 or from other
further processing steps such as conversion of PMIDA to the
N-oxide in accordance with the processes of U.S. Pat. Nos.
5,043,475, 5,077,431 and/or 5,095,140. In addition or in the
alternative to such modifications to the reaction system,
modifications to the glyphosate recovery process have been
devised to recover a low PMIDA content glyphosate product,
e.g., <600 ppm, in either one of a plurality of products, or in
all the glyphosate products of the process.
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Other schemes have been developed for generating a reac-
tion solution having an unreacted PMIDA content <250 ppm
on a campaign basis, and/or modifying the glyphosate recov-
ery process on a campaign basis to produce a glyphosate
product having a PMIDA content <600 ppm.

Modifications in PMIDA Oxidation Reaction Conditions and
Systems

In accordance with the present invention, it has been dis-
covered that oxygen flow to the reactor(s) may be optionally
adjusted in a manner that reduces the concentration of
PMIDA in the final reaction solution, resulting in a generally
proportionate decrease in the PMIDA content of the glypho-
sate product or products. Generally, it has been found that
increasing oxygen flow in one or more of the reactors
enhances the conversion of PMIDA to glyphosate. The exact
relationship of oxygen flow to PMIDA conversion varies
significantly with the other conditions of the process, with the
nature of the catalyst, with catalyst age and concentration,
with batch vs. continuous operation, with product through-
put, and with the peculiarities of the configuration of a spe-
cific reactor, its oxygen feed point, agitation system and gas
flow patterns. However, those skilled in the art can readily
adjust the oxygen flow rate for a specific reactor or series of
reactors to obtain a desired response in increased conversion
of PMIDA. By way of example, where a continuous reaction
system of the type illustrated in FIG. 1 is operating at a
residual PMIDA level of 800 to 1500 ppm in the reaction
solution exiting CSTR 105, the PMIDA content of the prod-
uct reaction solution may be reduced to from about 150 to
about 250 ppm by a proportionate increase in the sum of the
oxygen flow rates to reactors 101 to 105 of roughly from
about 0.1 to about 2% relative to the sum of flow rates that
yields a PMIDA content of 800 ppm under otherwise identi-
cal process conditions, or by adjusting the reaction tempera-
ture or the agitation intensity in the reaction zone. Alterna-
tively, such reduction in PMIDA content of the product
reaction solution may be achieved by increasing the flow rate
of oxygen to the last of the series of reactors, reactor 105, by
at least about 5%, typically from about 10% to about 30%
relative to the flow rate which yields a PMIDA content of 800
ppm under otherwise identical reaction conditions.

Over an extended period of operations, the catalyst may
deactivate to the extent that desired conversion can no longer
be achieved by adjustment of oxygen flow to the last of a
series of CSTRs. However, up to a limit defined by useful
catalyst life (or at augmentation or partial replacement with
fresh catalyst), the desired conversion can still be maintained
by progressively increasing the oxygen flow to the earlier
reactors, e.g., reactors 101 and 103 in FIGS. 1 and 2. Prefer-
ably, the oxygen flow rate is increased sufficiently to actually
increase the conversion in the reaction solution exiting the
penultimate reactor, so that the duty imposed on the last
reactor is reduced. Thus, the desired ultimate conversion is
obtained even though the productivity of the last reactor per se
has declined. Conversion can also be increased by increasing
residence time in the reactors. As those skilled in the art will
appreciate, an infinite number of combinations of flow rates
to the respective reactors may be available to achieve the
desired level of PMIDA in the product reaction solution.

In a batch reaction system, the PMIDA content of the
reaction solution may optionally be reduced by extending the
cycle during which a source of oxygen is sparged into the
aqueous reaction medium. For a given operation, a conven-
tional oxygen flow cycle may be identified by any convenient
conventional means, as, for example, by periodic analysis of
samples from the reactor. Where performance as a function of
time is reasonably consistent, timing of the batch may be
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sufficient and sampling may not be necessary. In any case, it
has been discovered that, by extending the oxygen sparging
cycle by from about 2 to about 15 minutes, more typically
from about 5 to about 10 minutes, PMIDA conversion can be
increased to reduce residual PMIDA content from a range
from about 275 to about 350 ppm to a range from about 50 to
about 100 ppm or even lower.

The achievement of a low PMIDA content in the filtered
aqueous reaction product stream by increased oxygen flow or
extended batch cycle typically involves a modest penalty in
glyphosate yield and an increase in the concentration of cer-
tain impurities, prominently aminomethylphosphonic acid
(“AMPA”). Where a noble metal on carbon catalyst is used for
the reaction, these schemes may also typically result in an
increased rate of deactivation of catalyst, resulting in
increased catalyst consumption. However, the reduced
PMIDA content generally affords a benefit in those applica-
tions in which it is desirable to utilize a glyphosate product
having a low PMIDA content, such as in the preparation of
herbicidal glyphosate compositions for the control of weeds
in genetically-modified cotton crops, that outweighs the
adverse effects on yield and the minor increase in impurities.

In accordance with the invention, several additional modi-
fications to the reaction system have been identified that can
be used in lieu of, or in combination with increased oxygen
flow as described above.

Alternatively, or in addition to increasing oxygen flow to
the reactor(s), enhanced conversion of PMIDA can be
achieved by operation at relatively high reaction temperature
within the aforesaid range of from about 70° to 140° C.,
and/or by modification of the catalyst system.

Conversion of PMIDA is promoted by operation at
elevated temperature, e.g., in the range of about 110° C. or
above, typically from about 110° to about 125° C. Because
higher temperature leads to increased by-product formation,
such as by oxidation of glyphosate to AMPA, the temperature
is preferably not increased to more than the extent that may be
necessary, either alone or in combination with other modifi-
cations such as oxygen flow rate, to achieve the target level of
PMIDA. A significant effect on conversion can be achieved
by operation in the range of from about 115° to about 125° C.,
or perhaps optimally in the range of from about 118° to about
125° C.

The catalyst system may be modified by an increased
charge of noble metal on carbon catalyst, by adding activated
carbon to the catalyst system and/or by altering the selection
of' promoter for the noble metal on carbon catalyst. It has also
been found that the catalyst activity may be enhanced by
selection of calcination conditions, control of the calcination
atmosphere, and other conditions prevailing during the prepa-
ration of a noble metal on carbon catalyst, as described, for
example, in International Publication No. WO 2006/031938
A2.If a fresh catalyst charge is increased beyond a threshold
level, e.g., above a concentration in the range of from about
1.5% to about 2% by weight, the effect may be to increase the
oxidation of PMIDA to IDA rather than glyphosate. However,
while PMIDA may oxidize to IDA resulting in an overall
selectivity loss, the net effect is still to reduce the PMIDA
content of the final glyphosate product. Moreover, when a
catalyst mass has been used through a substantial number of
recycles, activity of the catalyst mass may usefully be
increased by purging some fraction of the spent catalyst and
adding fresh catalyst in its place. When this method is fol-
lowed, PMIDA conversion may be significantly enhanced
without significant formation of IDA, i.e., selectivity to gly-
phosate may be substantially preserved.
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An activated carbon catalyst such as the catalyst that is
described by Chou in U.S. Pat. No. 4,624,937, is highly
effective for oxidation of PMIDA to glyphosate, even if not as
effective for oxidation of by-product C, species such as form-
aldehyde and formic acid. The carbon catalyst is also rela-
tively inexpensive compared to the noble metal on carbon
catalyst, though it is typically consumed at a substantially
higher rate. Thus, a fairly liberal addition of carbon catalyst to
either a batch reactor, or to the last of a series of cascaded
CSTRs, (e.g., in a proportion of at least about 1.5% by weight,
typically from about 2.5% to about 3.5% by weight, basis, the
noble metal on carbon catalyst charge) can materially reduce
the residual PMIDA content in the final reaction solution.

Certain transition metals such as Bi and Te are effective as
promoters to improve the effectiveness of a noble metal on
carbon catalyst for oxidation of by-product C, species such as
formaldehyde and formic acid. However, data indicate that
the oxidation of PMIDA may be marginally retarded by such
promoters, perhaps by directing oxygen to contact and react
with C; species in preference to PMIDA. When used either
alone or in combination with activated carbon for preparation
of'low PMIDA content glyphosate, a noble metal catalyst can
either have no promoter, or have a promoter whose identity
and loading is selected to minimize any negative effect on the
kinetics of the PMIDA oxidation. In this connection, a par-
ticular reactor, such as the final reactor in a series of CSTRs,
can be dedicated to substantial extinction of PMIDA, and the
use of a catalyst which has no promoter, or in which the
promoter is selected to be favorable to PMIDA oxidation, can
be limited to the dedicated reactor.

Because further thermal effects are minimal once a rela-
tively high conversion has been achieved, a finishing reactor,
such as the final reactor in a series of continuous reactors, can
readily be operated as a flow reactor, e.g., with a fixed catalyst
bed, rather than a back-mixed reactor, so as to enhance the
driving force for extinction of PMIDA. Moreover, such fin-
ishing reactor can be added, for example, as reactor n+1 after
a series of n CSTRs, for example as the fourth reactor follow-
ing reactor 105 of FIG. 1. Optionally, the catalyst loaded in
such reactor can predominantly or exclusively comprise acti-
vated carbon.

In order to minimize residual PMIDA in the product reac-
tion solution exiting the final stage of a cascaded continuous
stirred tank reaction system, it is helpful to minimize short
circuiting of aqueous medium from the reactor inlet to the
reactor exit. Thus, in accordance with principles known to the
art, the feed point, exit point, baffle array, agitation pattern
and agitation intensity may be selected to minimize the extent
of short circuiting. Where a CSTR is provided with an exter-
nal heat exchanger through which the reaction mixture is
circulated for removal of the heat of reaction, the reaction
mixture may conveniently be withdrawn from the reactor at a
forward flow port in the circulating line. Advantageously, the
inlet for reaction medium can be positioned in the same
circulating line downstream of the exit port by a distance
sufficient to avoid any short circuiting due to axial backmix-
ing. For example, the exit port can be placed in the circulating
line upstream of the heat exchanger and the inlet port can be
located immediately downstream of the heat exchanger.

In accordance with the invention, further process modifi-
cations outside the principal PMIDA oxidation system, may
be used to reduce the PMIDA content of the finished glypho-
sate product(s). Such additional modifications, as described
hereinbelow, may be used together with or in lieu of any
combination of the modifications to the reaction system that
are described above.
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PMIDA Purge

For example, in the process of FIG. 1, the volume of purge
stream fraction 133 can be increased relative to evaporative
crystallizer mother liquor recycle fraction 135, thus reducing
the steady state inventory of PMIDA in the glyphosate prod-
uct recovery area of the process. The extent of purge required
to obtain a given specification for a given form of glyphosate
product varies depending on the PMIDA content of the fil-
tered reaction product stream and the exact material balance
of'the overall process, and especially the material balance of
the glyphosate recovery area. The effect of increased purge
may be augmented by a more extended wash of the separated
glyphosate solids that are obtained as a centrifuge cake in
centrifuges 121 and 125, or in filters or centrifuges that may
be used in alternative schemes for product recovery.
Increased wash volume is ordinarily integrated with the purg-
ing scheme because either the wash liquor itself must be
purged; or, if the wash liquor is combined with one or more of
the recycle mother liquor streams, it marginally increases the
amount of PMIDA which must be purged from the process. In
either case, the net purge volume is generally increased by an
increment corresponding to the volume of the wash liquor. An
increase of wash volume might be achieved independently of
the purge fraction where the quality of the wash solution
permits its use in preparing the aqueous solution of PMIDA
which is introduced into the reaction system.

Ton Exchange

In a further alternative embodiment of the invention,
PMIDA may be removed from one or more process streams
by ion exchange. A variety of options may be followed in
providing for removal of PMIDA by ion exchange. For
example, an ion exchange column could be used to remove
PMIDA from mother liquor as it is recycled from the evapo-
rative crystallizer centrifuge 121 (and/or 137) before separa-
tion of purge fraction 133, or in recycle mother liquor fraction
135 after separation of the purge fraction, or in stream 129
from centrifuge 125. Alternatively, or additionally, an ion
exchanger could be positioned in the filtered reaction solution
stream ahead of the point where it is divided between the
vacuum crystallizer 109 and the evaporative crystallizer 111
in FIG. 1.

In an ion exchange system, the PMIDA-bearing stream is
contacted with an anion exchange resin, preferably an anion
exchange resin which has a greater affinity for the more
strongly acidic PMIDA anion than for the relatively more
weakly acidic glyphosate anion and for many of the other
compounds in this stream. Because the process stream from
which PMIDA is to be removed typically has a high ratio of
glyphosate to PMIDA, the resin’s affinity for PMIDA should
be significantly greater than its affinity for glyphosate. Effi-
cient separation of PMIDA is enhanced where the affinity of
the resin for PMIDA is at least two times, three times, four
times, five times, 10 times, 20 times or as much as 100 times
its affinity for glyphosate. Weakly basic exchange resins are
preferred. Functional sites of conventional weak base anion
exchange resins typically comprise secondary amine or ter-
tiary amines. Available anion exchange resins typically com-
prise, e.g., a styrene butadiene polymer having a secondary or
tertiary amine site which may be protonated in acidic solution
to function as an anion exchanger. Suitable commercially
available resins include, for example: AMBERLYST A21,
AMBERLITE IRA-35, AMBERLITE IRA-67, AMBER-
LITE IRA-94 (all from Rohm & Haas, Philadelphia, Pa.),
DOWEX 50x8-400 (Dow Chemical Company, Midland,
Mich.), LEWATIT MP-62, IONAC™ 305, JONAC™ 365
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and IONAC™ 380 (Sybron Chemicals, Birmingham, N.J.),
and DUOLIIE™ a-392 (Diamond Shamrock Corp., Dallas,
Tex.).

A complication in removal of PMIDA by ion exchange can
arise from the presence of a substantial fraction of chlorides in
the filtered reaction solution, which tend to be concentrated
somewhat in the solution ultimately subjected to ion
exchange such as evaporative crystallizer mother liquor 131.
When an acidic solution such as mother liquor recycle solu-
tion 131 is passed over an anion exchange resin, chloride ions
are retained at the protonated amine sites preferentially to
PMIDA. Where this is the case, two columns may typically be
provided in series, with the first column dedicated to removal
of chloride ions, with either a strong or weak base anion
exchange resin, and the effluent from the first column passed
through a second column comprising a weak base exchange
resin wherein PMIDA anions are removed. Each column may
be eluted and the anion exchange resin regenerated by pas-
sage of a caustic solution, typically sodium hydroxide
(NaOH), through the column.

The solution from which PMIDA and/or chlorides are to be
removed is passed through the column in which the desired
exchange occurs until breakthrough of the ion to be removed
is observed in the effluent from the column. Breakthrough
may occur when the entire column has reached an equilib-
rium level of chloride ion or PMIDA as the case may be. As
saturation is approached, the capacity of the column for the
target anion may be reduced to some extent by the presence of
the anions of components that are of comparable acidity as the
target anion, e.g., phosphate and N-formylglyphosate
(“NFG”). Breakthrough may be determined by any conven-
tional means of detection, including, for example, conductiv-
ity, absorbance of light (254 nm), pH and the like. In a pre-
ferred method, PMIDA breakthrough is detected by
monitoring conductivity of the column eluate. For example,
as described in greater detail below, a potential may be
applied between a working electrode and another electrode
immersed in the column eluate or a sample thereof, and
measurement made of a function of the power consumed in
maintaining a select current density, or a select potential
difference between the electrodes. Alternatively, the end
point of an ion exchange cycle can be practiced by volumetric
control of the quantity of aqueous solution passed through the
column (i.e., the cumulative quantity of mother liquor or other
PMIDA-containing stream passed through the anion
exchange bed relative to the volume of the bed, typically
expressed in “bed volumes.”).

After an ion exchange cycle is complete, the column can be
eluted to remove the anion that has been collected therein.

A column in which chlorides have been collected may be
eluted with a caustic solution, e.g., NaOH, to regenerate free
amine sites and produce an eluate salt solution that may
typically be discarded. Interstitial caustic is removed by
washing the column with water. Unless interstitial caustic is
removed, it is recycled to the crystallizer with adverse impact
on the crystallization.

A column in which PMIDA has been collected may first be
washed with water to displace process liquid from the col-
umn. Thereafter the column may be eluted with a strong acid
such as HCl to remove PMIDA for recovery; and then regen-
erated, typically with a caustic solution such as NaOH, and
then washed with water to remove interstitial caustic. Eluate
comprising PMIDA can be recycled to the reaction system for
further conversion of the PMIDA to glyphosate. Illustrative
examples of acids which can be used for elution of PMIDA
from an ion exchange column include strong mineral acids
such as hydrochloric acid or sulfuric acid. In various embodi-
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ments, the ion exchange resin may be contacted with a wash
solution, or multiple wash solutions during a series of wash
steps subsequent to elution. Suitable wash solutions include,
for example, water, a buffer solution, a strong base such as
KOH, NaOH, or NH,OH or a weaker base such as Na,COj.

During elution of a column loaded with PMIDA, the col-
umn effluent is monitored for the conjugate base of the strong
acid, e.g., chloride ion when Cl1~ is detected in the effluent.
Upon appearance of chlorides, recycle of eluate to the
PMIDA oxidation step is terminated, and the column is
washed with water, then caustic and then again water to return
it to the free amine state. If desired, buffers and/or solvents
may be used in washing of the column after elution, but this is
not ordinarily necessary or useful.

Ion exchange can be conducted at ambient or elevated
temperature. More particularly, the mother liquor from the
evaporative crystallizer centrifuge 121 (and/or 137) may be
treated by ion exchange resin without heating or cooling prior
to introduction into the ion exchange column. Typically, this
stream has a temperature in the range of from about 45° to
about 85° C., more typically from about 55° to about 75° C.
Column dimensions and flow rates through the column are
governed by standard column design principles and can be
readily determined by one skilled in the art.

If desired, a third column can be provided downstream of
the PMIDA column for recovery of glyphosate by ion
exchange. See, for example, the process as described in U.S.
Pat. No. 5,087,740, which is expressly incorporated by refer-
ence herein.

In various embodiments, a still further ion exchange col-
umn may be provided for recovery of platinum or other noble
metal that may have been leached from the catalyst used in the
oxidation of PMIDA. A process for recovery of such noble
metal by ion exchange is described in copending and co-
assigned U.S. application Ser. No. 11/273,410, filed Nov. 14,
2005, entitled RECOVERY OF NOBLE METALS FROM
AQUEOUS PROCESS STREAMS, which is also expressly
incorporated herein by reference. Preferably, ion exchange
for recovery of noble metal is conducted upstream of the ion
exchanger used for separation of PMIDA or removal of chlo-
rides.

In a continuous process such as that illustrated in FIG. 1, a
pair of ion exchange columns can be provided in parallel for
each ion exchange operation that is conducted as part of the
process. In this manner, one column can be used for removal
oftarget anion while the other is being eluted and regenerated.

Although ion exchange has been described above with
reference to ion exchange columns, the resin may alterna-
tively be added directly with agitation as a solid phase reagent
to the stream from which the PMIDA (or other target anion) is
to be removed. lon exchange operations have been described
above with reference to the continuous processes depicted in
FIGS. 1 and 2. Removal of excess PMIDA by ion exchange is
also useful in a simplified glyphosate product recovery
scheme in which all product reaction solution is directed to a
single glyphosate recovery stage such as a single evaporative
crystallizer. A single crystallizer typically may be used where
the oxidation reaction is conducted in a batch mode. In such
a process, glyphosate crystals are separated from the crystal-
lization slurry by filtration or centrifugation, and the mother
liquor typically recycled to the crystallizer. In extended
operations, a fraction of mother liquor is purged to remove
impurities. Ion exchange for removal of PMIDA from the
mother liquor allows reduction of the purge fraction neces-
sary to provide a given PMIDA specification in the glypho-
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sate product. Also, the PMIDA which removed can be recov-
ered by elution as described above and recycled to the
oxidation reactor.

FIG. 3 illustrates an exemplary ion exchange system,
located, for example, in stream 131 of FIG. 1 or 2, upstream
of the purge 133. As illustrated, the system comprises three
columns in series, a platinum (or other noble metal) recovery
column 201, a chloride removal column 203 and a PMIDA
removal column 205. Column 201 comprises an adsorption
zone which may comprise activated carbon, or more typically
a weak base anion exchange resin, strong base anion
exchange resin, strong acid cation exchange resin weak acid
cation exchange resin, chelating resin, or in some instances,
mixtures thereof. Specific resins useful in the recovery of
solubilized platinum are described in U.S. Ser. No. 11/273,
410, expressly incorporated herein by reference. Preferably, a
chelating resin is used. Column 203 comprises an anion
exchange zone containing a resin of the type described here-
inabove for removal of chlorides, and column 205 comprises
an anion exchange zone containing a resin of the type
described for the removal of PMIDA.

Although only a single column is depicted for each recov-
ery or removal operation in FIG. 3, typically at least a pair of
columns is provided in parallel at each stage to allow one
column to be eluted, regenerated, and washed while the other
is in operation for removal of Pt, C1~ or PMIDA, respectively.
Operating conditions for column 201 are described in U.S.
Ser. No. 11/273,410. As further described in the above-men-
tioned application, breakthrough of noble metal from column
201 may be detected by ICP-MS, ICP-OES, or AA. A simple
conductivity device is effective for determining breakthrough
of chlorides from column 203 or 205.

While FIG. 3 depicts separate columns (or column pairs) in
series for chloride removal and PMIDA removal, respec-
tively, the two columns function as a single adsorption system
so far as adsorption phenomena are concerned, at least in the
case where the ion exchange properties of the resins used in
columns 203 and 205 are substantially the same. In any case,
all adsorbable components of the solution are initially
adsorbed on column 203 but PMIDA is progressively dis-
placed by Cl- as the column becomes loaded. PMIDA des-
orbed from or passing through column 203 is adsorbed on the
anion exchange resin in column 205. When column 203 (or a
corresponding adsorption zone within a single column)
becomes loaded with chloride, the latter ions eventually break
through in the effluent from column 203 (or corresponding
zone) and begin displacing the PMIDA from column 205 (or
a corresponding downstream adsorption zone of a single col-
umn). Separating the adsorption bed into two columns facili-
tates monitoring the chloride wave and scheduling regenera-
tion of anion exchange resin for sustained operations.
Breakthrough from column 205 may result from either satu-
ration of the resin therein with PMIDA or displacement of
PMIDA by chloride. In either case, breakthrough may occur
before maximum PMIDA loading is realized, with the
PMIDA content of the effluent progressively increasing as
column saturation is approached, rising to the level in the inlet
mother liquor stream when saturation is reached. Where chlo-
ride displaces PMIDA, the PMIDA loading reaches a maxi-
mum and then begins to decline as it is displaced by chloride.
In the system depicted in FIG. 3, this condition can be avoided
if column 203 is regenerated as soon as chloride breakthrough
is observed. In either case, process operators can identify an
optimum balance between PMIDA removal efficiency and
column loading.

Regardless of whether the chloride and PMIDA ions are
removed in physically separate adsorption beds in series or in
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a single adsorption bed, the adsorption system may be con-
sidered to comprise two distinct adsorption zones, one in
which chlorides are being adsorbed and another in which
PMIDA is being adsorbed. However, the size and location of
these adsorption zones are not static. The boundary between
the zones moves as the chloride wave advances in displacing
PMIDA from the resin.

Shown at 207 is a device effective to sense breakthrough of
PMIDA from column 205. The device comprises a pair of
electrodes immersed in the stream exiting the column or a
sample thereof, and is controlled to maintain a select current
density or impose a select voltage or schedule of voltages
between the electrodes. Where the device is controlled to
maintain a select current density, breakthrough of PMIDA is
reflected in a drop, typically a relatively sharp drop in the
voltage required to maintain the select current density. Where
a select voltage, or programmed series of voltages is imposed,
breakthrough of PMIDA is indicated by a significant increase
in current at a voltage that is sufficient for electrolytic oxida-
tion of C; s and PMIDA but not residual glyphosate. Detailed
descriptions of devices which function on these bases are set
forth in greater detail below.

Whenever any of columns 201, 203 or 205 reaches a break-
through condition, introduction of mother liquor is termi-
nated and the adsorbed component recovered. In the case of
column 205, PMIDA may be eluted with a strong acid such as
HCI. Both columns 203 and 205 may be regenerated using a
caustic eluant, followed by a water wash, as described above.
The aqueous NaCl eluate may be discarded. In the case of
column 201, the noble metal component may optionally be
eluted with an eluant, e.g., an acidic eluant where the noble
metal species is present in the form of cation, or a caustic
eluant where the noble metal is present in an anion. However,
in the case of column 201, more quantitative recovery can
generally be achieved by removing the loaded resin from the
column, incinerating the resin, and recovering noble metal
from the ash.

Recovery of noble metal in column 201 is typically in the
range between about 60% and about 85%, or even higher.
Thus, in monitoring operation of this column “breakthrough”
is a relative term, and the breakthrough detection device is
calibrated to detect an increase in signal above a steady state
level. In any event, a portion of the noble metal is typically
lost in purge stream 133 or in the product glyphosate salt
concentrate. Where PMIDA is removed by ion exchange via
column 205, it has been found that a portion of the noble metal
passing through columns 201 and 203 is adsorbed on the resin
contained in column 205. If this column is regenerated or
washed with aqueous ammonia, the platinum is desorbed, and
ultimately lost either in the purge stream or by incorporation
into the aqueous glyphosate salt product. However, it has
been discovered that if the column is regenerated with a
strong base such as an alkali metal hydroxide, e.g., NaOH or
KOH, and washed with strong base or water, platinum species
are typically not desorbed, but remain on the column, thus
allowing ultimate recovery of this fraction of the platinum by
removal and incineration of the resin.

Disposition of the eluates from columns 203 and 205,
respectively, is as described above. The acidic eluate com-
prising PMIDA is typically recycled to the reaction system.
As regeneration proceeds, the chloride content typically
declines in the caustic regeneration solution exiting the col-
umn. Advantageously, a portion of the caustic regeneration
solution, particularly that exiting the column toward the end
of the regeneration cycle, may be preserved and used in a
subsequent regeneration cycle in the same or a parallel
PMIDA removal column. Although an anion exchange resin
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which has a substantially higher affinity for PMIDA than for
glyphosate is preferably selected for column 205, some gly-
phosate is typically removed along with PMIDA from the
mother liquor or other solution that is processed in the col-
umn. The incidence of glyphosate removal may be relatively
significant when the column contains fresh or freshly regen-
erated resin. As PMIDA accumulates in the column, the gly-
phosate fraction moves down (or in any event toward the
column exit) in a manner similar to the operation of a chro-
matographic column. In an alternative embodiment of the
process, the effluent from column 205 may be monitored not
only for PMIDA but also for glyphosate. As the column
becomes loaded with PMIDA, glyphosate breaks through
first. When the column is eluted, a glyphosate fraction comes
off first and may be segregated for recycle, e.g., to the evapo-
rative crystallizer. Prior to elution, the column is washed for
removal of residual glyphosate caught in the interstitial
spaces between the resin beads. The glyphosate content of the
wash solution may also be sufficient to justify recycle to the
evaporative crystallizer.

Where the operation of column 205 is monitored by use of
device 207, the threshold voltage at which a significant cur-
rent density is realized may first be observed to decline to a
value reflective of the oxidation of glyphosate. Such threshold
voltage substantially prevails until PMIDA breakthrough
approaches. During elution, a similar voltage response or
requirement should be observed during elution of the glypho-
sate fraction which may be directed, e.g., to a feed tank for the
evaporative crystallizer. When the voltage required to sustain
a target current density declines to a value reflective of the
oxidation of PMIDA, the eluate may be redirected for recycle
to the reactor, or alternatively to the purge.

According to a further alternative for recovery of glypho-
sate, a column loaded with both glyphosate and PMIDA may
be initially eluted with a relatively weak base such as isopro-
pylamine (“IPA”) to remove the relatively weakly sorbed
glyphosate in the form of the salt. Optionally and preferably,
neat liquid IPA can be used for the elution, which produces an
eluate consisting of a relatively concentrated solution of the
IPA salt of glyphosate. This eluate may be directed to neu-
tralization and mixing tank 127 and used directly in produc-
ing aqueous IPA glyphosate concentrates.

In accordance with a further process alternative, as men-
tioned above, another column comprising an ion exchange
zone comprising a resin effective for sorption of glyphosate,
typically a further ion exchange column, can be provided
downstream of column 205. This column is not shownin FIG.
3 but may be positioned to receive the process stream that has
been passed in series through columns 203 and 205, or in
series through columns 201, 203 and 205.

Polishing Reactor in Product Recovery Process

According to a further alternative, PMIDA can be removed
from product recovery process streams by catalytic oxidation
to glyphosate. In addition to or in lieu of a finishing reactor as
described above in the principal reaction train, polishing reac-
tor(s) can be positioned in one or more process streams within
aproduct recovery system of the type illustrated in FIG. 1. For
example such a reactor could be positioned in the feed stream
to evaporative crystallizer 111 (as a pre-recovery polishing
reactor), in mother liquor stream 131 exiting evaporative
crystallizer centrifuge 113, or elsewhere in the process.

Such a further finishing or polishing reactor can optionally
be operated with a carbon only catalyst. Moreover, since only
marginal oxidation is involved, thermal effects are minimal,
making it at least potentially advantageous to operate the
reactor as a flow reactor with a fixed bed of catalyst, thus
enhancing the driving force for substantial extinction of
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PMIDA. Where the reactor is placed in stream 131, ahead of
the purge stream, the effect on overall yield of the marginal
oxidation of glyphosate to AMPA is minimal. Oxidation reac-
tion systems for preparation of glyphosate reaction solutions
by catalytic oxidation of a PMIDA substrate including finish-
ing or pre-recovery polishing reactors are described by
Haupfear et al. in U.S. Pat. No. 7,015,351, the entire contents
of which is incorporated herein by reference.

According to a still further alternative, the process may
typically include a feed tank for the catalyst filter 107, and a
further marginal reduction in the residual PMIDA content
may be realized by sparging an oxygen-containing gas, e.g.,
substantially 100% O, into the contents of the filter feed tank,
or into the slurry of catalyst in product reaction solution in a
line entering the feed tank. In order to prevent settling of
catalyst in the filter feed tank, its contents are typically agi-
tated, which may aid in oxygen distribution, mass transfer and
consequent oxidation of residual PMIDA. Oxygen sparging
may contribute to agitation.

Crystallizer Operations

Process options effective to produce a product of relatively
low PMIDA content have implications for the operation of
evaporative crystallizer 111. PMIDA has been found to func-
tion as a solubilizer for glyphosate. Thus, where the reaction
system is operated under such conditions as to yield a filtered
product reaction solution of relatively low PMIDA content,
and/or where the filtered reaction solution is passed through a
finishing reactor for further conversion of PMIDA to glypho-
sate, and/or where PMIDA is removed from recycle mother
liquor by ion exchange, solubility of glyphosate in the recycle
mother liquor can be lowered. At a given system pressure, a
lower PMIDA/glyphosate ratio causes crystallization to com-
mence at relatively lower temperature, which can result in
fouling of process side heat exchanger surfaces in or associ-
ated with the evaporative crystallizer.

FIG. 4 illustrates an evaporative crystallization system
modified to accommodate low PMIDA content in the feed
solution without excessive fouling of the heat exchange sur-
faces. In the system of FIG. 4, crystallizer 109 comprises a
vapor liquid separator 301, an external heat exchanger 303,
and an axial or centrifugal circulation pump 305 and line 307
for circulation of the crystallization slurry between the vapor
liquid separator through the heat exchanger. A mist eliminator
309 in the upper portion of the vapor liquid separator helps to
collect entrained liquid and return it to the liquid phase within
the separator body. Crystallization slurry is drawn off through
port 311 in the circulation line for delivery to centrifuge 121
and optionally centrifuge 137. Fouling of heat exchanger 303
is potentially attributable to accumulation of glyphosate on
the process side tube surfaces, but may also be attributable to
plugging of the heat exchanger tubes with large chunks of
crystalline material which may calve off the walls of separa-
tor 301.

It may further be noted that the commencement of crystal-
lization at lower temperature results in an enhanced crystal-
lization yield. While this effect may be advantageous from the
standpoint of initial crystallizer productivity, and marginally
beneficial with regard to yield on raw materials, the higher
solids content of the circulating slurry is believed to have an
adverse effect on heat transfer. Increased solids content
increases the effective viscosity of the circulating slurry,
thereby increasing pressure drop through the heat exchanger.
At a given limiting pump head, this results in a decreased flow
rate, decreased velocity along the process side of the tube
wall, and consequently decreased heat transfer coefficients.
Thus, even without any fouling or plugging of tubes, heat
transfer rates and productivity can be compromised by the
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higher solids content obtained as the crystallization tempera-
ture drops with PMIDA content.

In any event, injection of water into the circulating pump
suction imposes a sensible heat load that tends to reduce the
rate of precipitation in the tubes. Although water injection
does not reduce the steady state composition of the liquid
phase in the vapor/liquid separator, it marginally reduces the
degree of supersaturation in the liquid phase entering the heat
exchanger, and may thus marginally reduce the tendency of
the tubes to foul by further encrustation with glyphosate.
Perhaps more significantly, it reduces the solids content of the
slurry passing through the heat exchanger, thus reducing the
viscosity, and contributing to increased process side velocity
and heat transfer coefficients.

Injection of water above the mist eliminator is useful in
minimizing pressure drop through the mist eliminator and
controlling the extent of crystallization on the walls of the
separator. Increasing the slurry circulation rate via pump 303
serves to reduce the temperature rise in the heat exchanger
and enhance the scouring action of the circulating slurry,
further contributing to control of fouling.

Aside from the complications which it can create in the
operation of the evaporative crystallizer, ion exchange also
functions to reduce the chloride and phosphate content of the
mother liquor circulating in the evaporative crystallization
system. Whether as a result of lower chloride and phosphate
content or otherwise, it has been found that enhanced crystal
growth is achieved in the evaporative crystallizer in opera-
tions wherein PMIDA, and necessarily also chloride and
phosphate, is removed by ion exchange. The larger crystals
thus produced have superior dewatering properties as com-
pared to the crystals obtained in an evaporative crystallization
system wherein a mother liquor of relatively high PMIDA,
Cl-, and/or phosphate concentration circulates between the
evaporative crystallizer and centrifuge 121 or 121 and 137.
Production of relatively larger crystals is advantageous in
removal of residual impurities, including PMIDA, by sepa-
ration of solids from mother liquor in the centrifuge(s) and
washing of the centrifuge cake. It has further been observed
that, where the crystallizer is operated to consistently gener-
ate relatively large glyphosate particles, the fouling effect of
reduced PMIDA content is at least partially offset. Heat
exchange surfaces are generally less prone to fouling in an
operation wherein heat is transferred to a slurry comprising
relatively large particles than in an operation where relatively
fine crystals are produced.

Designated Operations for Low PMIDA Glyphosate

Certain of the process modifications as described above are
effective for producing low PMIDA content glyphosate, but
involve risks with regard to yield, productivity, product qual-
ity and catalyst deactivation as affected by the presence of
by-product impurities such as AMPA, NMG, etc. Thus, for
example, while modifications comprising increased oxygen
flow or extended batch cycles or higher temperatures are
effective for lowering the PMIDA content, they involve risk
of overreaction, resulting in the oxidation of glyphosate to
AMPA, or the formation of by-products such as NMG. Modi-
fications to the material balance of the glyphosate recovery
system, such as those discussed above in connection with
FIG. 2, can result in yield losses due to increased purge of
unreacted PMIDA from the process, and the direct loss of
glyphosate yield that is associated with the glyphosate con-
tent of the purge stream.

Further in accordance with the invention, operation of the
process can optionally be managed to consistently and reli-
ably meet demand for low PMIDA glyphosate product, while
minimizing the net impact on yield and productivity, and
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enabling the manufacture of product which does not require
an exceptionally low PMIDA content to be conducted under
conditions which afford optimal yield, productivity and
AMPA/NMG content without constraints that can otherwise
be imposed by operation under conditions which generate the
exceptionally low PMIDA product.

In accordance with such embodiments of the invention,
glyphosate is produced in an industrial manufacturing facility
which comprises a reaction system for the catalytic oxidation
of PMIDA in an aqueous medium. During designated opera-
tions within such facility, the process is conducted under
conditions effective to consistently produce a glyphosate
product having a PMIDA content less than about 0.06 wt. %,
basis glyphosate. The glyphosate product as produced under
such conditions is segregated from other glyphosate product
that is produced under other conditions wherein the PMIDA
content is greater than 0.06 wt. %, typically greater than 0.10
wt. %, more typically greater than 0.15 wt. % on a glyphosate
basis.

In the practice of such embodiments of the invention, the
catalytic reaction system may optionally be operated in accor-
dance with any of the various alternatives described above for
providing a product reaction solution containing PMIDA in a
proportion less than about 60 ppm by weight, basis glypho-
sate plus an increment, if any, resulting from PMIDA that is
recycled to the reaction zone. Additionally, or alternatively,
the product recovery operation may be operated under added
or modified purge conditions to yield one or more glyphosate
products containing less than about 0.06 wt. % PMIDA, orion
exchange may be used to remove PMIDA from a stream from
which glyphosate is crystallized or otherwise recovered. The
designated operations may, for example, comprise a cam-
paign during which all or part of the glyphosate produced in
the facility is generated under conditions effective to provide
alow PMIDA content. Such a campaign can be of any desired
duration, e.g., a week, two weeks, a month or several months,
sufficient, e.g., to produce at least 1500 metric tons, more
typically at least about 7500 metric tons of the low PMIDA
product. As part of the method for producing low PMIDA
glyphosate on a campaign basis, a manufacturing forecast is
preferably prepared based on projected sales data, and the
periods during which all or part of the operations of the
industrial facility are dedicated to production of low PMIDA
glyphosate may be designated on an organized basis in view
of'such forecasts. In the practice of these embodiments of the
invention, it may be advantageous, for example, to schedule
the production of low PMIDA glyphosate during startup after
a maintenance turnaround of the reaction system, product
recovery system or both; or after introduction of a fresh
catalyst charge. Where there is any predictable volatility to
raw material prices, scheduling can further be determined on
the basis of such prices.

Where the facility comprises a plurality of batch oxidation
reactors for the conversion of PMIDA to glyphosate, one or
more of the plurality of reactors may be dedicated for a select
period of time to operation under conditions effective to pro-
duce a product reaction solution containing less than about
250 ppm PMIDA, glyphosate basis.

Where the facility comprises a continuous reaction system
for the conversion of PMIDA to glyphosate, the system may
typically comprise a plurality of continuous stirred tank reac-
tors (“CSTRs”) in series. In such a series of, e.g., two or three
CSTRs, the last of the reactors may function as a finishing
reactor which operates under terminal conditions, typically at
>300 ppm PMIDA, more typically in the range of 500 ppm
PMIDA, glyphosate basis. In designated operations, the con-
ditions in the final reactor may be modified by increased
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oxygen flow, higher temperature, etc., to yield a product reac-
tion solution containing <250 ppm PMIDA. Over a campaign
necessary to produce some minimum quantity of glyphosate,
e.g., at least about 1500 metric tons, preferably at least about
3000 metric tons, more preferably at least about 7500 metric
tons, the finishing reactor may be dedicated to operation
under such conditions.

To maintain productivity, it may be preferable to achieve
the desired PMIDA content in the product reaction solution
by altering conditions in the entire series of reactors, as by
increasing the oxygen flows thereto. Where the manufactur-
ing facility comprises a plurality of continuous reaction
trains, one or more of these may be dedicated to the produc-
tion of low PMIDA glyphosate, either permanently or during
a low PMIDA product campaign, while the remaining reac-
tion trains may be operated under conditions optimal for
producing glyphosate of a higher acceptable PMIDA content.
Allocation of PMIDA Among Plural Grades of Glyphosate

On either a permanent or campaign basis, the processes as
illustrated in FIGS. 1 and 2 may also be adapted to produce
different grades of glyphosate product, e.g., one grade that
has a PMIDA content less than 600 ppm for use in those
applications in which it is desirable to utilize a glyphosate
product having a low PMIDA content, such as in the prepa-
ration of herbicidal glyphosate compositions for the control
of weeds in genetically-modified cotton crops, and another
grade ofhigher PMIDA content which is quite satisfactory for
multiple other applications. Generally, the centrifuge wet-
cake produced in centrifuge 125 has a lower PMIDA content
than the wet-cake produced in centrifuge 121 (or 137)
because the mother liquor from the vacuum crystallizer is less
concentrated than the mother liquor from the evaporative
crystallizer, and because no recycle mother liquor stream is
introduced into vacuum crystallizer 109. The PMIDA content
of the solid glyphosate acid product removed from the pro-
cess by centrifuge 121 can be balanced with the PMIDA
content of the salt concentrate exiting the process from neu-
tralization tank 127 by increasing the fraction of vacuum
crystallizer slurry underflow 117 from the decantation step
that is directed to evaporative crystallizer centrifuges 121
relative to that which is directed to centrifuge 125 and/or by
increasing the fraction of evaporative crystallizer slurry thatis
directed to centrifuge 137 for production of evaporative crys-
tallizer centrifuge wet-cake to be incorporated into the con-
centrated glyphosate salt solution in salt makeup tank 127. If
desired, the PMIDA content can be unbalanced, and a dispro-
portionately low GI content salt concentrate prepared by
minimizing the fraction of vacuum crystallizer slurry 117
directed to centrifuge 121, and transferring mother liquor
from the evaporative crystallizer circuit to the neutralization
tank via mother liquor transfer line 139 and/or by eliminating
the fraction of evaporative crystallizer slurry which is
directed to centrifuge 137.

Alternatively, a low PMIDA content solid glyphosate acid
product can be prepared by diverting PMIDA to the salt
makeup tank 127. In this case, a relatively high fraction of the
vacuum crystallizer slurry underflowing the decantation step
is directed to centrifuge 121, and a high fraction of the evapo-
rative crystallizer slurry is sent to centrifuge 137. According
to these various process schemes, the process material bal-
ance can be managed to contemporaneously, or indeed simul-
taneously, to produce two separate glyphosate products of
distinctly different glyphosate basis PMIDA content.

As a further alternative to the preparation of low PMIDA
content glyphosate product, the product obtained during pro-
cess startup can be segregated and dedicated for use in gly-
phosate composition for application to and weed control in
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genetically-modified cotton crops. By starting up with water
in the evaporators, neutralization tank and process storage
vessels (not shown), the impact of PMIDA in recycle mother
liquor can be avoided immediately after startup, and kept to a
modest level during the early portion of the transient period in
which the product recovery area gravitates to steady state
operation.

Further alternative process schemes for allocating residual
PMIDA among two or more glyphosate products are
described by Haupfear et al. in U.S. Application Publication
No. US 2005/0059840 Al, the entire text of which is
expressly incorporated herein by reference.

Whether by sequential operation, segregated operations, or
control of process material balance to simultaneously yield
different grade products, the processes of the invention can be
implemented to yield a plurality of differing grade products,
including a low PMIDA product having a glyphosate basis
PMIDA content typically less than about 1000 ppm, prefer-
ably less than about 600 ppm, and at least 25% lower than at
least one other, or preferably any other, of such plurality.
Moreover, using any one or more of the various process
stratagems described above (or below), alow PMIDA product
may be produced having a glyphosate basis PMIDA content
that is less than about 1000 ppm, or less than about 600 ppm,
and at least about 50% lower, or even at least about 75%
lower, than the PMIDA content of another of the plurality of
products, or preferably any such plurality.

Conversion and End Point Determination

As noted above, modifications to the oxidation process
conditions to achieve an exceptionally low PMIDA content
may inevitably involve some penalty in yield, productivity,
catalyst deactivation, cost and/or AMPA/NMG content of the
glyphosate product. These penalties can be largely avoided by
the alternative of operating the reaction system under condi-
tions optimal for the generation of a product reaction solution
having a PMIDA content in the range of from about 300 to
about 800 ppm, and removing PMIDA by ion exchange in the
course of glyphosate product recovery. However, the ion
exchange process involves its own capital, operating and
maintenance costs. Accordingly, a further incremental advan-
tage can be achieved by controlling the operation of the oxi-
dation reaction system to generate a product reaction solution
that meets a desired PMIDA content sufficient to yield an
ultimate product of the preferred specification, e.g., <600
ppm PMIDA, while avoiding overreaction that consumes gly-
phosate and unnecessarily increases the AMPA or NMG con-
tent of the reaction solution.

Further in accordance with the invention, various methods
and systems have been devised to monitor the conversion of
PMIDA and/or the composition of the product reaction solu-
tion and to identify an end point or residence time at which the
reaction can be terminated and/or the product reaction solu-
tion withdrawn from the reactor. These include: (i) in-line
chromatography; (ii) Fourier transform infra red analysis;
(iii) determination of cumulative oxygen consumption and/or
time differential oxygen consumption; (iv) monitoring oxi-
dation/reduction potential; (v) monitoring dissolved oxygen
concentration in the aqueous liquid reaction medium; (vi)
monitoring the oxygen concentration in reactor vent gas; (vii)
monitoring the CO, concentration in the reactor vent gas;
(viii) determining cumulative CO, generation and/or analysis
of the CO, generation profile; (ix) monitoring instantaneous
O, consumption; (x) monitoring instantaneous CO, genera-
tion; (xi) electrochemical indication of residual PMIDA; (xii)
cumulative heat balance on the reaction system; (xiii) time
differential heat generation in the reaction system; and com-
binations of these techniques.
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According to the first of these alternatives, the reaction
solution can be periodically sampled and the sample passed
through a chromatographic column, preferably a liquid chro-
matography column such as a high performance liquid chro-
matography (also known as a high pressure liquid chroma-
tography or “HPLC”) column, that is positioned in proximity
to the reactor in which the conversion is concluded, i.e., either
in a batch reactor, at the exit of a continuous plug flow reactor
such as areactor comprising a fixed catalyst bed, or in the final
of a series of CSTRs. Although the internal pressure of the
reactor is sufficient for withdrawal of a sample by operation of
a sampling valve, in some instances it may be desired to use
ametering pump to provide a specimen of defined volume for
the HPLC. A filter is provided upstream of the HPL.C (or
metering pump) for removal of catalyst and any other solids.
The sample may optionally be passed through a heat
exchanger to cool it to a controlled temperature for passage
through the chromatographic column and/or may be diluted
to avoid crystallization in the sample or if called for in the
chromatography protocol. Conventional detection means
well known to the art may be used to determine the PMIDA
content of the sample.

In a batch process, the reaction may be terminated as the
desired PMIDA content is reached. In a continuous process,
the residence time, oxygen flow rate and/or reaction tempera-
ture may be adjusted to achieve the desired conversion. In a
continuous reaction system, the reaction rate is believed to be
typically limited by gas/liquid mass transfer until a relatively
high conversion has been attained, but after that becomes
kinetics limited. Since reaction as such is non-zero order in
PMIDA, the reaction progressively slows proportionately to
residual PMIDA content as quantitative conversion is
approached, irrespective of how much oxygen is supplied.
Thus, the typical behavior of the reaction is exemplified in
FIG. 22 which plots the log of the reaction rate vs. the log of
the residual PMIDA concentration. Until high conversion is
reached, the consumption of PMIDA is pseudo zero order.
When a high concentration, e.g., in the 95-98% range is
reached, the consumption of PMIDA becomes limited by the
reaction kinetics, which are typically approximately first
order with respect to PMIDA. Continuous reaction can be
conducted, e.g., in a series of CSTRs as described above, or in
a plug flow reactor such as a tubular reactor comprising a
fixed or fluidized catalyst bed. In such systems, conversion
rates may be most effectively increased by increasing oxygen
supply along the flow path of the reaction medium in the
oxidation reaction zone(s) prior to transition to non-zero
order conditions. This increases the mass transfer rates and,
thus, the reaction rate in the upstream space where mass
transfer controls, and leaves additional reactor space and
residence time for conversion under non-zero order kinetics-
limiting conditions to a desired conversion and/or residual
PMIDA content. Although FIG. 22 shows the PMIDA con-
sumption rate as substantially constant until it becomes kinet-
ics limiting, it will be understood that oxygen flow may be
reduced toward the end of a batch reaction, or in the penulti-
mate reactor of a series of CSTRs, which may potentially
impact mass transfer coefficients and consequent PMIDA
consumption rates, depending on the nature and intensity of
mechanical agitation. Oxygen flow rate and temperature may
also be adjusted in a batch process as desired to obtain the
target PMIDA content in a prescribed batch reaction cycle.

Although even in-line HPLC involves some lag between
sampling and analytical results, such lag may not signifi-
cantly compromise control of the reaction end point, espe-
cially in a continuous process, or in a batch process operated
using a noble metal on carbon catalyst. It has been observed
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that glyphosate is not as susceptible to being over-oxidized to
AMPA where a noble metal on carbon rather than an activated
carbon catalyst is used. It has further been observed that
extended exposure to oxidation reaction conditions does not
tend to generate as much NMG in the presence of a noble
metal on carbon catalyst as it typically does in the presence of
an activated carbon catalyst.

In fact, based on a progression of HPL.C data on recently
preceding batches, or taken during recently preceding con-
tinuous operations, it has been observed that the reaction end
point, or the appropriate reactor residence time, can be con-
trolled with reasonable accuracy based on either time alone,
or time differential from the point at which the PMIDA con-
version is determined by HPLC to have reached a certain
level, e.g., 95% or 98%. Moreover, a desired conversion or
reaction end point can be projected from a series of chromato-
graphic analyses in the manner described below with respect
to the use of FTIR for making such projection.

The use of in-line Fourier transform infra red (“FTIR”)
analysis for monitoring PMIDA conversion is described fully
in U.S. Pat. No. 6,818,450 which is expressly incorporated
herein by reference. As described therein, in-line FTIR spec-
troscopy may be used to quantitatively measure one or more
of PMIDA, glyphosate, formaldehyde, formic acid, N-me-
thyl-N-(phosphonomethyl)glycine (“NMG”), N-methylami-
nomethylphosphonic acid (“MAMPA”) or aminometh-
ylphosphonic acid (“AMPA”) in aqueous mixtures thereof.
More preferably, an internal reflectance FTIR method is used
for “in-situ” measurement of the infrared spectrum absorbed
by the aqueous reaction solution in or exiting one or more of
the oxidation reaction zones or reactors. The internal reflec-
tance FTIR method allows for the infrared spectrum absorbed
by the reaction solution to be measured in place by locating a
sensor probe in, on or in proximity to a process line or reaction
vessel so that it is immersed in the reaction solution or posi-
tioned on a direct or reflected line of sight to the reaction
solution thus allowing the reaction solution to be directly
scanned in substantially real time without removing a sample
of the solution from the vessel or process line in which it is
contained. Advantageously in-situ measurements provide
real time or substantially real time measurements of the reac-
tion solution.

In general, internal reflectance relates to a process wherein
an infrared light beam is modulated using an interferometer,
and the modulated beam is reflected off a sample and returned
to a detector wherein the spectral regions absorbed as well as
the intensity of the absorbance within those regions is deter-
mined. One technique for practicing the internal reflectance
method is attenuated total reflectance (ATR) spectrometry
which measures the absorbance in a thin layer of the sample
in contact with the sampling surface of a sensor device. That
is, a sensor probe is placed in direct contact with the sample.
A modulated infrared beam is transmitted from the FTIR
spectrometer to the sensor probe wherein the beam is trans-
mitted through a sampling surface on the probe such that the
beam penetrates into a thin layer of the sample in contact with
the sampling surface of the probe and is reflected back into the
sensor probe. Significantly, the beam is modified by the
sample due to the absorbance characteristics of the sample.
The modified beam is then optically transmitted to the FTIR
spectrometer’s detector. Depending on the ATR probe
selected (i.e., the optical characteristics and geometry of the
sampling surface) the modulated infrared beam may reflect
off of both the sample layer and the sampling surface a num-
ber of times before finally returning back into the sensor
probe, providing additional data to the detector. Thus, ATR
probes are typically described by the number of reflections
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that occur through the sample layer. Preferably, the ATR
probe utilizes at least about 3, more preferably at least about
6 and still more preferably at least about 9 reflections or
greater.

Preferably, the sampling surface of the ATR probe is com-
prised of diamond. ATR probes comprising a diamond sam-
pling surface may further comprise an additional optical ele-
ment which acts both as a support for the diamond, and for
transmitting and focusing the modulated infrared beam to and
from the diamond sampling surface. Since the second optical
element is not in contact with the reaction solution, it is less
important that the second optical element have the corrosion
and abrasion resistance as the sampling surface. Zinc selenide
crystals have similar optical qualities as diamond at a sub-
stantially reduced cost. Accordingly, zinc selenide may be
used as an additional optical element.

The sampling surface of the ATR probes may be concave,
convex or have a relatively flat surface curvature. Preferably,
the sampling surface of the ATR probe is relatively flat. With-
out being held to a particular theory, it is believed that sam-
pling surfaces having a significant degree of curvature tend to
promote the adherence of particulates such as catalyst or
undissolved product to the sampling surface thereby interfer-
ing with the sensor.

ATR probes having the characteristics described above,
i.e., a relatively flat diamond sampling surface are commer-
cially available, for example, from Axiom Analytical, Inc.
(Irvine, Calif)). In a preferred embodiment, a 9 reflection,
diamond-composite sensor probe having a relatively flat dia-
mond sampling surface, such as a DICOMP™ SENTINAL™
ATR diamond-composite sensor probe which is commer-
cially available from ASI Applied Systems (Annapolis, Md.),
is used.

The FTIR spectrometer detects the intensity or amplitude
of the modified beam across the infrared region and trans-
forms the data into an absorbance spectrum, i.e., absorbance
vs. wavenumber. FTIR spectrometers typically use two types
of detectors, a mercury cadmium telluride (MCT) detector or
a deuterated triglycine sulfate (DTGS) detector. Although
MCT detectors tend to be faster than DTGS detectors and
have a high sensitivity, MCT detectors typically require liquid
nitrogen cooling. Therefore, it may be preferred to use a
DTGS detector which does not require liquid nitrogen cool-
ing. Either type of detector may be used.

The reaction solution is typically sampled over a spectral
range of wavelengths from about 2 to about 50 microns, i.e.,
wavenumbers ranging from about 200 to about 5000 cm™,
more preferably from about 650 to about 4000 cm™, with
wavenumber being the reciprocal of wavelength and propor-
tional to frequency. The infrared spectrum is a continuous
spectrum, however for analytical reasons, discrete wavenum-
bers or groups of wavenumbers are typically measured. The
wavenumber resolution, i.e., the range of wavenumbers that
are grouped together for each discrete measurement may be
increased or decreased to affect the signal to noise ratio of the
FTIR spectrometer. That is, as the numerical value of the
wavenumber resolution is decreased, more measurements are
taken across the spectrum and the resolution of the spectrum
increases. However, increases in the wavenumber resolution
also typically results in a corresponding increase in the level
of “noise”. Generally, FTIR spectroscopy methods use wave-
number resolutions having a numerical value of 2, 4, 8 or 16,
i.e., sample data are collected over discrete ranges of 2,4, 8 or
16 wavenumbers with the resolution being inversely propor-
tional to the numerical value of the wavenumber resolution.
Typically, a wavenumber resolution of 8 appears to provide a
spectrum with a fairly good resolution while minimizing the
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amount of “noise.” Changes in the wavenumber resolution
may be made, however, without departing from the scope of
the present invention.

Additionally, FTIR spectroscopy generally utilizes a num-
ber of scans providing additional interferometric data, i.e.,
intensity vs. wavenumber data used in the Fourier transform
to produce the spectral data, i.e., absorbance vs. wavenumber.
If the number of scans is set at 180, for example, the spec-
trometer will scan the entire wavelength range specified 180
times and produce 180 interferograms, or 180 intensity mea-
surements per wavenumber, or more precisely, per wavenum-
ber grouping as determined by the wavenumber resolution.
Fourier transforms then combine the intensity data and con-
vert the 180 interferograms into a single absorbance spec-
trum. The number of spectra, i.e., scans can also affect the
signal to noise ratio. Generally about 180 scans may be
sampled with a new spectrum measurement being generated
about every 145 seconds. More preferably, the number of
scans is at least about 360, producing a new measurement
every 5 minutes or greater in an effort to improve the signal to
noise ratio.

Preferably, the number of scans performed is such that the
frequency in which new spectrum measurements are taken is
less than about the residence time of the oxidation reaction
zone affecting the concentration being measured. That is, as
described above, the oxidation process may utilize one, two
or more reaction zones or reactors for converting PMIDA to
glyphosate product. Each reaction zone has a corresponding
residence time in which the reaction takes place. In addition,
if these reaction zones are placed in series, there will addi-
tionally be an overall residence time for the reaction system
comprising the summation of the residence times for each
reaction zone. The residence time considered for determining
the sample frequency depends on whether PMIDA or other
analyte is being measured to monitor the progress of the
oxidation reaction in a particular reaction zone, or the
progress of the overall reaction system.

Preferably at least one, more preferably at least two, and
still more preferably at least three measurements are taken
within a time period of no greater than the residence time for
the oxidation reaction zone being monitored. Typically, the
residence time for a particular reaction zone may vary from
about 3 to about 120 minutes, more preferably from about 5 to
about 90 minutes, still more preferably from about 5 to about
60 minutes, and still even more preferably from about 15 to
about 60 minutes. The residence time for a particular reaction
system may vary depending on the total throughput and the
quantity of the reaction mixture in the reactor without depart-
ing from the scope of the present invention.

A single analyte will produce a spectrum having an absor-
bance profile characteristic of that analyte. That is, the spec-
trum contains absorbance features that may be associated
with the analyte. Accordingly, the concentration of the ana-
lyte may be determined using a mathematical model repre-
senting the relationship between the concentration of the
analyte and the absorbance profile. The mathematical model
may be developed by measuring the spectrum for a number of
standard samples having known concentrations and math-
ematically correlating the concentration as a function of the
absorbance profile using a number of correlation methods.
Unfortunately, the characteristic spectrum for a mixture of
analytes such as the reaction solution resulting from oxida-
tion of PMIDA is more complex in that the characteristic
absorbance spectrum for the various analytes are broad and
overlap significantly. This overlap precludes the use of simple
univariate correlation methods for quantitation of the analytes
in a reaction mixture. This problem may be overcome by
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applying more powerful multivariate mathematical correla-
tion techniques to the analysis of the spectral data. These
multivariate mathematical techniques when applied to pro-
cess chemical analysis are collectively referred to as chemo-
metrics. This technique uses complex mathematics such as
matrix vector algebra and statistics to extract quantitative
information (e.g., concentrations) from highly convoluted or
statistically confounded data such as the spectrum obtained
from a mixture of analytes to develop a mathematical model,
also called a chemometric model representing the quantita-
tive information as a function of the spectrum. A number of
multivariate mathematical techniques have been developed
such as; K-Nearest Neighbors analysis (KNN), Heirarchical
Cluster Analysis (HCA), Principal Component Analysis
(PCA), Partial Least Squares (PLS) analysis, and Principal
Component Regression (PCR) analysis. Commercially avail-
able software packages are capable of performing many of the
multivariate mathematical correlation techniques listed
above. In fact, at least one commercially available software
package called PIROUETTE (which can be obtained from
Infometrics, Inc., P.O. Box 1528 Woodinville, Wash. 98072)
is capable of performing all of the correlation techniques
listed above.

Commercially available FTIR spectrometers often include
chemometric analysis software. In particular, PLS and PCR
are typically used for determining a chemometric model, and
applying it to a FTIR spectral measurement to calculate a
property of the sample measured. Of these two, PLS is most
commonly applied to FTIR spectral data because it generally
provides the most accurate chemometric models. PLS allows
each analyte to be modeled separately, and only requires
knowledge of the particular analyte being modeled. That is, it
does not require that the concentration of each absorbing
analyte be known as long as each absorbing analyte is repre-
sented in the standards used for developing the chemometric
model. Advantageously, the standards can be taken directly
from the process and need not be separately prepared, thus
allowing consideration of the impurity profile of the reaction
mixture when determining the chemometric model for each
analyte to be measured. However, it should be noted that the
absorbance of the spectral regions is generally nonlinear with
respectto concentrations. Thus, the chemometric models cor-
relating the concentration and the absorbance spectrum
should be developed over particular ranges of concentration
for the individual analytes of the reaction solution. That is, the
standards used in the chemometric analysis should be repre-
sentative of the matrix of concentrations for each analyte in
the reaction solution.

In general, therefore, a number of standards are analyzed
using the FTIR Spectrometer to measure the spectrum for
each standard. The concentration of a particular analyte can
then be mathematically modeled as a function of the spectra
obtained i.e., an algorithm is developed that correlates the
concentration and the spectrum. Although any of the multi-
variate mathematical calibration techniques may be used, a
preferred embodiment uses the PLS method to model the
spectra as a function of concentration. The number of stan-
dards used is preferably at least about 10 and more preferably
at least about 20. In general, the accuracy of the model
increases with increases in the number of standards used to
generate the model. Therefore, the number of standards used
to generate the model may be as high as 50 or greater. Such
standards may be prepared mixtures, or alternatively, may be
samples of the particular process mixture to be analyzed.
However, as stated earlier, it is preferred that the process
mixture is used such that the impurity profile is considered in
the PLS analysis when generating the chemometric model.
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The concentration of the analyte being modeled in each stan-
dard may be measured off-line using standard analytical tech-
niques such as high pressure liquid chromatography (HPLC).
Accordingly, chemometric models may be generated using a
partial least squares regression analysis for spectra obtained
from reaction mixtures from either a batch or a continuous
oxidation process based on-line spectral measurements and
off-line HPLC concentration measurements.

As stated earlier, the FTIR scans the reaction solution over
a spectral range of wavelengths corresponding to wavenum-
bers of from about 200 to 5000 cm™ and more preferably
from about 650 to about 4000 cm™. Although the entire
spectral region scanned may be used in the PLS analysis,
generally, the spectral region considered in the PLS analysis
is preferably from about 800 to about 1800 cm™" when mod-
eling the PMIDA substrate, glyphosate product, formalde-
hyde or formic acid analytes. More preferably, however one
or more spectral regions selected from the total spectrum are
considered in the PLS analysis, with the regions being
selected based on the analyte to be measured. For example,
spectral regions to be considered in the PLS analysis may be
selected by identifying spectral regions of characteristic
peaks for each analyte in a solute such as water. Preferably
however, the spectral region used in the PLS analysis to
develop a chemometric model for PMIDA is from about 800
to about 1450 cm™*, and more preferably from about 1065 to
about 1400 cm™'. The spectral region or regions used in the
PLS analysis to develop a chemometric model for glyphosate
in the reaction solution are preferably from about 800 to about
1450 cm™", and more preferably both the region from about
865 to about 945 cm™ and the region from about 1280 to
about 1460 cm™". The spectral region used in the PLS analysis
to develop a chemometric model for formaldehyde is prefer-
ably from about 800 to about 1450 cm™, more preferably
from about 945 to about 1150 cm™, still more preferably
from about 945 to about 1115 cm™", and still more preferably
from about 1000 to about 1075 cm™". Finally, spectral region
or regions used in the PLS analysis to develop a chemometric
model for formic acid is preferably from about 800 to about
1450 cm™, more preferably the region(s) from about 1150 to
about 1300 cm™" and/or from about 1650 to about 1800 cm™".
While the preferred spectral regions for formic acid provide
reasonable accuracy at higher concentrations of formic acid,
i.e., around from about 2,000 to about 5,000 ppm formic acid,
the accuracy of the model decreased significantly at lower
concentrations, i.e., less than about 1,000 ppm or even less
than about 600 ppm. Significantly, a strong absorption band
exists within the formic acid spectral region at around 1721
cm™'. This band is close to the 1600 cm™* water region which,
for aqueous mixtures, is subtracted out as a background and
thus can be inconsistent and difficult to quantify. Thus, to
minimize the effects of the water subtraction, the preferred
spectral region used in the PLS analysis to develop a chemo-
metric model for low concentrations of formic acid is prefer-
ably from about 1710 to about 1790 cm™. Surprisingly, by
avoiding the spectral region which overlaps the water region,
the present invention provides quantitative measurement of
formic acid at concentrations less than about 1,000 ppm, less
that about 600 ppm and even less than about 300 ppm.

Using the PLS analysis techniques therefore, chemometric
models used to determine the concentration of PMIDA, gly-
phosate, formaldehyde, and/or formic acid analytes as a func-
tion of the absorption spectrum may be developed and used in
combination with the FTIR spectrometer to provide real-time
concentration data for process mixtures from either a batch or
a continuous process thus allowing for improved studies of
the reaction kinetics, improved reaction control, and in the
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case of the batch processes, a more accurate and timely reac-
tion end point determination to be made.

For example, using the techniques described above,
chemometric models have been developed using an FTIR
spectrometer and a diamond-composite ATR probe such that
the concentration of PMIDA in a reaction solution may be
measured over a range of concentrations of from about the
detection limit, currently about 50 ppm, to about 4% with a
PLS mean error of less than about 0.2% for a batch oxidation
process and may be measured over a range of concentrations
of from about 200 ppm to about 4,500 ppm with a mean error
of about 200 ppm for a continuous oxidation process. The
concentration of glyphosate product in a reaction solution
may be measured over a range of concentrations of from
about 5% to about 10% with a mean error of less than about
0.2% for batch oxidation processes and may be measured
over a range of concentrations of from about 4% to about 8%
with a mean error of about less than about 0.2%, more pref-
erably less than about 0.07% for continuous processes. The
concentration of formaldehyde in a reaction solution may be
measured over a range of concentrations of from about 130
ppm to about 6,000 ppm with a mean error of less than about
150 ppm for batch processes and may be measured over a
range of concentrations of from about 250 ppm to about 4,500
ppm with a mean error of about less than about 55 ppm and
even over a range of concentrations of from about 100 ppm to
about 400 ppm with a mean error of less than about 50 ppm
and preferably less than about 30 ppm for continuous pro-
cesses. Finally, the concentration of formic acid may be mea-
sured over a range of concentrations of from about 0.3% to
about 1.3% with a mean error of less than about 0.03%,
preferably less than about 0.02% for batch processes and may
be measured over a range of from about 0.1% to about 0.4%
with a mean error of about less than about 0.02%, more
preferably less than about 0.01% for continuous processes.

As described in U.S. Pat. No. 6,818,450, in response to the
measurements made by in-line FTIR analysis, various adjust-
ments may be made to either a batch or continuous oxidation
reaction system as are discussed above with respect to in-line
HPLC. More particularly, the FTIR analytical methods
described above may be used to measure the progress or
condition of the reaction solution resulting from the oxidation
of'a PMIDA substrate to form a glyphosate product by pro-
viding substantially real time concentration analysis for
PMIDA or one or more other analytes. In response to the
substantially real time measurement, one or more process
effects may be controlled by adjusting or maintaining the
value of one or more independent process variables affecting
the rate of oxidation of the PMIDA substrate, the rate of
oxidation of formaldehyde, the rate of oxidation of formic
acid, the rate of oxidation of glyphosate product to aminom-
ethylphosphonic acid or salt or ester thereof. Independent
process variables affecting the rate of oxidation of the
PMIDA substrate, the rate of oxidation of formaldehyde, the
rate of oxidation of formic acid, the rate of oxidation of
glyphosate product to aminomethylphosphonic acid (or salt
or ester thereof) include but are not necessarily limited to: the
rate of introduction of molecular oxygen into the continuous
reaction zone, the rate of withdrawal of gas from the reaction
zone, the oxygen partial pressure at a select location within
the reaction zone or in contact with the liquid reaction
medium, the temperature of the reaction mixture, the rate of
introduction of the aqueous feed mixture to the reaction zone,
the rate of withdrawal of the reaction solution from the reac-
tion zone, the amount of catalyst added to the reaction zone,
the amount of catalyst removed from the reaction zone, the
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amount of a supplemental catalyst promoter added to the
reaction zone and the intensity of agitation of the reaction
mixture.

For example, the oxidation reaction may be carried out in a
batch process. An internal reflectance sensor, preferably an
ATR probe is inserted directly into the reactor, or alternatively
is placed in-line with a recycle loop to enable in-situ real time
or substantially real time measurements of the concentration
of at least one of the analytes in the reaction mixture. The
progress of the reaction can be determined by monitoring the
decrease in the concentration of the PMIDA substrate, for
example, or alternatively by monitoring the increase in the
concentration of the glyphosate product, thus enabling real
time or substantially real time determinations of the reaction
endpoint. In addition, the data from the FTIR may be elec-
tronically communicated to a conventional process control
apparatus. Preferably, the process controller is configured
such that in response to the data showing the end point of the
reaction had been reached, the process controller instructs a
control device such as a control valve to terminate the intro-
duction of the oxygen-containing gas into the reaction
zone(s) such that the oxidation reaction is terminated. It
should be noted that the above example is for illustrative
purposes only and in no way is intended to limit the manner in
which the progress of the batch oxidation process or the
condition of the reaction mixture therein is controlled in
response to the analyte concentration measurement provided
by the FTIR analytical method.

In another embodiment, FTIR analysis is used to monitor a
PMIDA oxidation process conducted in a continuous fashion
in two or more CSTRs in series as described above and, for
example, in U.S. Pat. No. 7,015,351, the entire contents of
which are incorporated herein by reference. For example, the
concentration of unreacted PMIDA, glyphosate product and/
or oxidation by-products in the reaction mixture effluent are
measured using the analytical method described above. In a
particularly preferred embodiment of the present invention,
the concentration of unreacted PMIDA, glyphosate product
and/or oxidation by-products in the intermediate aqueous
reaction mixture withdrawn from the first stirred tank reactor
and/or in the final reaction mixture effluent withdrawn from
the second or subsequent stirred tank reactor may be mea-
sured using the analytical method described above. Based on
these and other process measurements, control adjustments
can be made, thus the conversion of the PMIDA substrate and
condition of the reaction mixture may be controlled by con-
trolling the total oxygen feed to the continuous oxidation
reactor system, i.e., each of the stirred tank reactors and/or the
apportionment of the total oxygen feed between the two or
more CSTRs and may be adjusted to beneficially affect the
yield and quality of the glyphosate product. Alternatively,
other variables may be controlled such as the partial pressure
of oxygen at a select location within one or more of the
reaction zones or in contact with the liquid reaction medium
of'each reaction zone, the rate of withdrawal of gas from one
or more of the reaction zones, the temperature of the liquid
reaction medium within one or more of the reaction zones or
exiting one or more of the reaction zones, the rate of with-
drawal of reaction product solution from one or more of the
reaction zones, the liquid level of reaction mixture in one or
more of the reaction zones, the weight of reaction medium in
one or more of the reaction zones, addition or removal of
catalyst to the oxidation reaction system via one or more of
the reaction zones, shifting the relative proportions of the total
catalyst mass in one or more of the reaction zones as well as
a catalyst holding tank, the addition of a supplemental cata-
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lyst promoter to one or more of the reaction zones and the
intensity of mixing in one or more of the reaction zones.

Moreover, in making adjustments of control variables in
response to FTIR analysis, other process effects may be taken
into account, e.g., the oxygen content of the gas withdrawn
from the reaction zone(s), dissolved oxygen in the liquid
medium in the reaction zone(s), the response of an oxygen
electrode or voltage of an oxidation/reduction potential elec-
trode, and the noble metal content of the liquid phase of the
reaction mixture withdrawn from the reaction zone. By con-
sidering these together with current values for control vari-
ables and real time FTIR analysis of the concentrations of one
or more analytes in the reaction mixture(s), one or more
control variables may be adjusted to conform the process to
established process constraints and/or to optimize economi-
cally significant outputs such as yield, conversion, selectivity,
by-product content and process emissions. With the benefit of
substantially real time analysis of reaction mixture composi-
tion, optimization can be determined either ad hoc based on
known process performance relationships, or in accordance
with protocols that have been established based on such rela-
tionships. As appropriate, material balance, energy balance,
kinetic, mass transfer, heat transfer, thermal stability, catalyst
deactivation profiles, and other conventional considerations
can form the basis for establishing protocols. As may be
convenient, such protocols may optionally be reduced to
algorithms which can be programmed onto a processor.
Assimilating additional information, including both control
variables and performance measurements such as those
described above, the processor may then determine optimum
settings for one or more of the aforesaid independent vari-
ables in accordance with the protocol for obtaining a desired
or optimal value for the concentration of one or more of the
analytes with respect to an economic or process criterion
selected from the group consisting of conversion of substrate,
yield of said product on said substrate, selectivity of the
oxidation reaction for the glyphosate product, quality of prod-
uct recoverable from the reaction mixture, productivity, emis-
sions in process effluents, stability of catalyst activity, and
manufacturing cost.

To improve determination of residual PMIDA at the con-
clusion of a batch cycle, or under terminal conditions in a
continuous back mixed reaction system, the chemometric
models for refining the FTIR analysis of the various compo-
nents of the reaction solution may be integrated with material
balance computations, energy balance computations and
other measured process data to further enhance the precision
and accuracy of PMIDA determination.

In a particularly advantageous application of FTIR, the
instantaneous rate of depletion of PMIDA during non-zero
order reaction conditions may be used to aid in determining
the instantaneous PMIDA concentration. As discussed in
more detail below in connection with methods based on oxy-
gen consumption, carbon dioxide generation and heat gen-
eration, the order of the PMIDA oxidation reaction, the order
of'reactions by which formaldehyde is oxidized to formic acid
and formic acid is oxidized to CO, and water, and the kinetic
rate constants for the depletion of PMIDA and oxidation of
by-products such as formaldehyde and formic acid, may be
estimated from historical analytical data, or historical opera-
tional data as obtained from laboratory and/or industrial oxi-
dation reactions. As further explained below, the estimate of
the kinetic rate constants may also be refined by reference to
current operational data, including the observed rate of
decline in the rate of reaction. Whereas the measure of reac-
tion rate and decline thereof is indirect in the case of oxygen
consumption, carbon dioxide generation or heat generation,
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FTIR provides a direct measurement of residual PMIDA,
formaldehyde and formic acid concentrations. Thus, a
chemometric model based on FTIR allows reaction material
balance, energy balance and kinetic reaction rate computa-
tions to be integrated with direct quantitative measurement of
residual PMIDA in projecting an end point of the reaction.
During non-zero order reaction when the rate of reaction is
declining, a sequence of two or more FTIR measurements
may provide a reliable basis for projecting the time at which
an end point corresponding to a desired degree of PMIDA
conversion (and residual PMIDA concentration) may be
achieved. In a batch reaction, the separate analyses of the
series are taken at different times during the course of the
reaction, with preferably at least two of these being taken
during the non-zero order reaction period approaching the
end of the batch. In a continuous reaction system, the samples
may be taken at differing residence times, again preferably in
a non-zero order regime. In these circumstances, the rate of
the reaction declines from analysis to analysis as a function of
residual PMIDA content which is defined by the order of the
reaction, affording a basis for projecting the time by which a
desired end point concentration of PMIDA will be attained.
To the extent that the reaction approximates first order in
PMIDA, the projection may be made by straight line extrapo-
lation on a plot of the logarithm of concentration vs. time.

The order of the reaction and the kinetic rate constant may
be determined from a plurality of analyses sufficient to define
the contour of the relationship between reaction rate and
residual PMIDA concentration. In a plot of residual PMIDA
(reactant) concentration vs. time (or vs. distance in a plug
flow reactor), as illustrated in FIG. 5, the first derivative at any
given time or location represents instantaneous reaction rate
at that time or location. In a plot of the log of the reaction rate
vs. the log of the residual PMIDA (reactant) concentration, as
illustrated in FIG. 6, the slope indicates the order of reaction
and the appropriate intercept indicates the rate constant (or,
more directly, a pseudo rate constant combining the kinetic
rate constant, a dissolved oxygen term and appropriate mass
transfer effects).

In a continuous reaction system, FTIR is applied directly
for determining conversion, but control can be refined by
projecting conversion from FTIR analyses of the reaction
medium at a plurality of different residence times. In a flow
reactor (e.g., plug flow reactor), analyses at differing resi-
dence times may be obtained by applying FTIR to the reaction
medium at separate points along the flow path of the reaction
medium. Preferably, at least two of such analyses are at points
within the zero order regime. Based on a known or deter-
mined order of reaction, this allows conversion and residual
PMIDA content to be projected, and to be controlled in a
predictable manner by adjustment of feed rate, oxygen flow,
and/or reaction temperature. In a series of CSTRs, the last
reactor operates under terminal conditions, which typically
reflect a conversion >95% and are, therefore, ordinarily non-
zero order with respect to PMIDA. By comparison of the
FTIR analysis of the reaction medium at two different resi-
dence times, e.g., where one analysis is made at the exit of the
final reactor and another at the exit of the penultimate reactor
at steady state, the reaction rate constant can be inferred based
on a known or determined order of reaction. The estimate of
the rate constant can be refined by separate analyses of
samples from the two reactors by laboratory or in-line HPL.C.
Conversion may thereafter be projected based on continual or
repetitive FTIR analyses of the reaction medium exiting the
penultimate reactor.

Although FTIR data obtainable during non-zero order
reaction conditions are particularly useful in estimating the
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order and rate of the oxidation reactions, the methods of the
invention encompass application of algorithms by which end
points are projected from data taken under the zero order or
pseudo zero order conditions that typically prevail during
more than 95% of a typical batch reaction cycle, or in CSTRs
other than the last of a series thereof, or in most of the length
or height of a plug flow reactor. As further discussed below,
laboratory and plant data may be combined to provide a
general algorithm for prediction of end point from data taken
at various points in the batch reaction cycle or various posi-
tions in a continuous reaction train.

As also discussed below, FTIR analysis can be combined
with other methods for monitoring the oxidation reaction to
refine the estimate of conversion, e.g., by providing data by
which the estimate provided by other methods can be com-
pensated for oxidation of C, by-products.

Cumulative oxygen consumption may provide a further
basis for estimating the extent of conversion of PMIDA. As
noted above, the oxidation reactor is preferably operated
under pressure control, with the head space of the reactor
being vented in response to a pressure sensor to maintain a
substantially constant pressure. By measuring the rate of
introduction of an oxygen-containing gas of known O, con-
tent, measuring the rate at which the vent gas is removed from
the oxidation reaction zone, and analyzing the vent gas for
oxygen, the instantaneous rate of oxygen consumption can be
determined. By integrating the oxygen consumption rate over
time, cumulative oxygen consumption can be determined;
and the cumulative oxygen consumption is substantially pro-
portional to PMIDA conversion, as adjusted for formalde-
hyde and formic acid formation and oxidation, i.e., oxygen
consumption is stoichiometrically equivalent to PMIDA con-
version and formaldehyde and formic acid formation, accord-
ing to the relationship:

0
I /_L oH
(HO)Z_P/\N + 120,
\—H—OH
0
I
(HO)Z—P/\g/\C—OH + CILO + CO,

¢}

Cumulative oxygen consumption can be compared to the
initial PMIDA charge to a batch reactor or to the time inte-
grated rate of PMIDA introduction of a continuous reactor.
Adjustment for the generation and oxidation of formaldehyde
and formic acid can be made on the basis of on-line analysis
for these compounds, or on the basis of historical data. The
historical value may be either a fixed figure based on long
term statistical analysis of analytical data on the product
reaction solution, or an evolutionary value based on statistical
analysis of recent historical data, either of recent batches in a
batch oxidation process or recent analyses at comparable
residence time in a continuous process, in each case under
temperature, oxygen flow, oxygen pressure, catalyst charge,
etc., which are the same as the batch for which conversion is
being estimated. Where a carbon catalyst is used, the form-
aldehyde and formic acid values are relatively consistent
irrespective of catalyst activity, in part because carbon by
itself is significantly less effective than a noble metal on
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carbon catalyst for oxidation of these by-products. A noble
metal on carbon catalyst is much more effective for oxidation
of'C; s, so that the condensed phase C, content is more depen-
dent on catalyst activity as affected, e.g., by catalyst age and
replenishment.

A continuous reactor may also be controlled to maintain a
targeted instantaneous ratio of oxygen consumption to
PMIDA introduction. The conversion as estimated from
cumulative oxygen consumption over a defined period of
operation may further be adjusted by any difference in the
molar rate at which PMIDA is introduced into the reaction
system vs. the molar rate at which the sum of glyphosate and
unreacted PMIDA are withdrawn therefrom. Preferably,
however, steady state operation is maintained both to preserve
process stability generally, and to eliminate any accumulation
or decline in working reaction volume as a variable affecting
the estimate of conversion.

Where conversion is monitored by oxygen consumption,
estimated conversion can be refined on a continuous or repeti-
tive basis by use of an oxygen electrode, which effectively
measures the dissolved oxygen content of the aqueous reac-
tion medium, and/or by an oxidation/reduction potential
probe, which measures the potential of the catalyst in the
medium. Typical traces for O, flow and dissolved oxygen
content of the aqueous medium as a function of time are
shown for a typical batch cycle in FIG. 18. Where the rate of
oxygen introduction is controlled in response to the oxygen
electrode to maintain a constant dissolved oxygen level, it
may contribute to the precision of the correlation between
oxygen consumption and conversion.

The accuracy with which oxygen consumption is used to
estimate conversion and/or residual PMIDA content can be
enhanced by combining measurement of oxygen consump-
tion with other methods for determining conversion. For
example, a base point PMIDA content can be determined
analytically from a sample taken at a relatively high conver-
sion, e.g., in the neighborhood of 95%, and the oxygen con-
sumption measured from the time at which the base point
sample is taken. In this manner, error in measurement of
cumulative oxygen flow, or arising from consumption of oxy-
gen other than for oxidation of PMIDA, or PMIDA and C,
by-products, is a fraction only of the incremental oxygen
requirement for the final stage of conversion rather than a
fraction of the total oxygen required for conversion of all
PMIDA charged to the reactor. Thus, for example, if the target
conversion is 99.0%, and an FTIR or HPLC analysis of
sample taken to establish a base point late in the batch indi-
cates a conversion of 94.7%, a 3% error in correlating mea-
sured cumulative oxygen consumption with conversion from
the base point forward equates to only a -0.13% error in
overall conversion in addition to whatever the error may be in
the base point sample analysis.

Such combination of measurements is particularly advan-
tageous because it proceeds from a base point at which
residual PMIDA content remains appreciable. Up to this
point, the PMIDA analysis remains quite reliable, but cumu-
lative oxygen consumption is subject to significant error. The
method then combines a chemical analysis at the base point
with determination of oxygen consumption during the final
stage of the reaction subsequent to that base point, during
which accuracy of residual PMIDA content may typically
begin to deteriorate but error in determination of oxygen
consumption contributes minimal error to the overall deter-
mination. Stated another way, the method is governed by
analytical results during the major portion of the reaction in
which chemical analysis is the most reliable measure, but
switches to oxygen consumption during the closing stages of
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the reaction wherein oxygen consumption reliability not only
is relatively enhanced, but typically also becomes superior to
the reliability of chemical analyses.

The method can further be refined by analytical measure-
ment of residual formaldehyde and formic acid throughout
the reaction, and particularly subsequent to the high conver-
sion base point. Measurement of any changes in formalde-
hyde and formic acid content between the base point and an
actual or test end point allows the relationship between oxy-
gen consumption and residual PMIDA content to be refined
by compensating for the oxygen that may be consumed in the
oxidation of the C, by-products. Although the accuracy of
analytical methods such as FTIR for PMIDA deteriorates at
high conversions, the accuracy of analyses of formaldehyde
and formic acid remains quite high. Moreover, because form-
aldehyde and formic acid are being both consumed and gen-
erated during the reaction, including the final stage subse-
quent to the base point, the residual level of residual C,
compounds is typically greater than that of residual PMIDA
at the desired end point, further contributing to the accuracy
of analyses for these by-products by FTIR, HPLC or other
appropriate technique.

Practice of the combined method with C, compensation is
further elaborated below with respect to the heat generation
method for assessing conversion and estimated reaction end
point. The reaction can be monitored after the high conver-
sion base point by either oxygen consumption, heat genera-
tion or CO, generation. C; compensation after the base point
operates on substantially the same principle in all of these
methods, with further particulars being provided below in
connection with heat generation.

The declining rate of oxygen consumption at low PMIDA
concentrations may provide another or further basis for refin-
ing the estimate based on cumulative oxygen consumption,
and/or afford an independent basis for estimating the residual
PMIDA content toward the end of a batch reaction cycle or in
the last of a series of CSTRs. The oxidation of PMIDA to
glyphosate is fundamentally first order in PMIDA, or
approximately so. During the bulk of the reaction, where
PMIDA content is high, the reaction rate is limited by mass
transfer of oxygen to the aqueous phase. However, towards
the end of the reaction, typically at PMIDA conversions in
excess of 98%, kinetics become limiting and first order
behavior is observed. The oxidations of formaldehyde to for-
mic acid and formic acid to carbon dioxide are also non-zero
order reactions. The proper exponents for a particular reac-
tion system in a given range of conversion can be derived for
each substrate, i.e., PMIDA, formaldehyde and formic acid
by empirical observation, kinetic studies and statistical analy-
sis. The kinetic rate constants for each reaction can be derived
from a combination of laboratory data and industrial reactor
data comparing oxygen consumption with PMIDA, formal-
dehyde and formic acid analyses of a series of samples taken
during non-zero order operations, i.e., under conditions in
which the reaction rate is declining. From data establishing
the order of the respective reactions and applicable rate con-
stants, the residual PMIDA content may be inferred from a
comparison of the initial batch PMIDA charge, or rate of
introduction of PMIDA into a continuous reaction system, vs.
the residual rate of oxygen consumption at substantially con-
stant dissolved oxygen concentration during non-zero order
reaction, either at the end of a batch reaction cycle or in the
final of a series of CSTRs. To the extent that the behavior of
the several oxidation reactions approximates first order, a
component of the instantaneous oxygen consumption rate is
directly proportional to the residual PMIDA content, a further
component is directly proportional to residual formaldehyde,
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and a still further component is directly proportional to
residual formic acid. If the reactions are essentially first order
and the respective rate constants are known, a relatively
simple algorithm may be developed for determining residual
PMIDA content as a function of instantaneous oxygen con-
sumption. To the extent that the order of any of the various
reactions differs from first order, the determination of residual
PMIDA content from instantaneous oxidation rate becomes
more complex. However, where the orders of the reactions are
reasonably established from historical laboratory and/or
industrial scale data, rigorous equations and/or statistical cor-
relations can be developed by which to sort out residual
PMIDA from the instantaneous oxygen consumption rate. In
the case of a series of CSTRs, the differential oxygen con-
sumption rate method may be calibrated by estimating the
kinetic rate constant or function thereof from PMIDA analy-
sis of samples of the aqueous medium entering and exiting the
final reaction zone. At either conventional conversions or in
the production of a product reaction mixture of exceptionally
low PMIDA content, the reaction occurring in the final stage
reaction zone of a continuous oxidation process is ordinarily
non-zero order. As in the case of C, compensation as dis-
cussed above, the historical data may be based either on long
term statistical analysis, or reflect evolutionary values based
on analysis of recent performance. Sampling may also pro-
vide the basis for estimating the kinetic rate constants for the
oxidation of formaldehyde and formic acid. Based on data
defining the orders of the various reactions and the respective
rate constants, oxygen consumption associated with C, oxi-
dation can also be estimated in a continuous system, allowing
residual PMIDA to be determined from the balance of the
oxygen consumption.

Once a base line has been established, the value of the rate
constant can be adjusted based on variation in the rate of
decline of oxygen consumption from the point at which non-
zero order behavior is observed, i.e., from the (negative) first
derivative of oxygen consumption rate, the absolute value of
which is inversely related to the rate constant. Also, as the
catalyst ages and its activity significantly declines, the effect
on first order rate constants can be periodically re-calibrated
by renewed sampling of the final reaction zone, or near the
end of the batch. See the derivation set forth below for deter-
mination of the rate constant by analysis of declining reaction
rate as measured by heat generation. The same analysis is
applicable to oxygen consumption, substituting this term for
heat generation in the derivation.

In a batch reaction, a function of the rate constant and the
order of the reaction may also be established from a plurality
of' measurements of instantaneous oxygen consumption, sub-
stantially as described above with respect to FTIR. If instan-
taneous oxygen consumption is monitored in combination
with analyses of the reaction solution, e.g., using FTIR or
HPLC, and the actual residual PMIDA content determined as
a function of instantaneous oxygen consumption at one or
more points during the non-zero order oxidation stage, plural
measurements of instantaneous oxygen consumption during
this stage may be used to project a desired end point ofa batch
reaction, also as described above with respect to FTIR. Con-
version in the final CSTR of a series thereof can be projected
based on measurement of instantaneous oxygen consumption
relative to PMIDA feed rate in the reactors upstream of the
final reactor, and residence time in the final reactor. In this
instance, the order of the reaction may be separately deter-
mined from historical analytical or operational data obtained
from a laboratory or industrial batch reactor.

As further discussed below, oxygen consumption can be
combined with other methods for monitoring the reaction to

10

15

20

25

30

35

40

45

50

55

60

65

40

refine the estimate of conversion. For example, HPL.C, FTIR,
or electrochemical oxidation analyses can be used to com-
pensate for consumption of oxygen for C, oxidation.

A further alternative for estimation of PMIDA conversion
comprises measurement of cumulative carbon dioxide gen-
eration. In the oxidation reaction, one carboxymethyl group is
removed and converted to carbon dioxide or a combination of
carbon dioxide and other C, compounds, i.e., formaldehyde
and formic acid. Thus, PMIDA conversion is directly propor-
tional to the molar sum of cumulative CO, generation plus
formaldehyde and formic acid generation and oxidation. By
measurement of cumulative CO, generation and adjustment
for other C, compounds, an estimate can be made of the
conversion of PMIDA. Adjustment for formaldehyde and
formic acid obtained in the reaction can be determined on
essentially the basis described above for estimation of
PMIDA conversion by oxygen consumption. Also as in the
case of oxygen consumption, the conversions estimated from
cumulative heat generation in a continuous reaction system
may be adjusted by any difference in the molar rate at which
PMIDA is introduced into the reaction system vs. the molar
rate at which the sum of glyphosate and unreacted PMIDA are
withdrawn therefrom.

Further as described above with respect to cumulative oxy-
gen consumption, the accuracy with which cumulative car-
bon dioxide generation is used to estimate conversion and/or
residual PMIDA content can be enhanced by combining mea-
surement of CO, generation with other methods for determin-
ing conversion. For example, abase point PMIDA content can
be determined analytically from a sample taken at a relatively
high conversion, and CO, generation measured from the time
at which the base point sample is taken. As in the case of
determining conversion and/or end point from oxygen con-
sumption, error in measurement of cumulative CO, release,
or arising from CO, generation other than from oxidation of
PMIDA, or PMIDA and C, by-products, is a fraction only of
the incremental CO, generation during the final stage of con-
version subsequent to the base point rather than a fraction of
the total CO, generated in the conversion of all PMIDA
charged to the reactor.

This combined method enjoys the same advantages as the
combined analytical and oxygen consumption method as
described above. Thus, it is governed by chemical analysis up
to the high conversion base point during which such analysis
is the most reliable, then switches at the base point to cumu-
lative CO, over the final stage of the reaction, during which
the latter method typically provides accuracy superior to that
of chemical analysis.

In this combined method, compensation for formation and
consumption of formaldehyde and formic acid can be accom-
plished in the same manner as generally described above with
respect to the oxygen consumption method, and elaborated
below with respect to the heat generation method.

Also, as in the case wherein conversion is estimated from
cumulative oxygen consumption, the estimate based on
cumulative CO, generation may be refined, or the residual
PMIDA content independently monitored, by measuring the
declining CO, generation rate during the closing portion of a
batch reactor, or under the terminal conditions prevailing in
the last of a series of CSTRs. If the rate of oxygen addition is
controlled to maintain a constant oxygen potential in
response to an ORP electrode, and/or a constant dissolved
oxygen content in response to an oxygen electrode, the accu-
racy of the estimate based on CO, generation is enhanced in
essentially the same way that the accuracy of an estimate
based on oxygen consumption is enhanced. FIG. 20 illus-
trates typical profiles of oxygen content and carbon dioxide
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content in the vent gas as a function of time during the batch
catalytic oxidation of PMIDA to glyphosate; and FIG. 21
shows similar profile for oxidation/reduction potential during
the batch.

Since the reaction is first order in PMIDA, the residual
PMIDA content may also be inferred from a comparison of
the initial batch PMIDA charge, or rate of introduction of
PMIDA into a continuous reaction system, vs. the residual
instantaneous rate of carbon dioxide generation, especially at
constant dissolved oxygen concentration, either at the end of
a batch reaction cycle or in the final of a series of CSTRs. For
purposes of this alternative, the kinetic rate constant or a
function thereof may be estimated and updated in essential
the same manner as is described above for the estimation of
PMIDA conversion from the rate of decline in the consump-
tion of oxygen. More particularly, the rate constant can be
determined according to the derivation set forth below with
respect to heat generation, but substituting carbon dioxide
generation for heat generation.

In a batch reaction, a function of the rate constant and the
order of the reaction may also be established from a plurality
of measurements of instantaneous CO, generation, substan-
tially as described above with respect to oxygen consumption
and FTIR. If CO, generation is monitored in combination
with analyses of the reaction medium, e.g., using FTIR or
HPLC, and the actual residual PMIDA content determined as
a function of instantaneous CO, generation at one or more
points during the non-zero order oxidation stage, plural mea-
surements of instantaneous CO, generation during this stage
may be used to project a desired end point of a batch reaction,
also as described above with respect to FTIR. Conversion in
the final CSTR of a series thereof can be projected based on
measurement of instantaneous CO, generation relative to
PMIDA feed rate in the upstream reactors and residence time
in the final reactor. In this instance, the order of the reaction
may be separately determined from historical analytical or
operational data obtained from a laboratory or industrial
batch reactor.

As further discussed below, carbon dioxide generation can
be combined with other methods for monitoring the reaction
to refine the estimate of conversion. For example, HPL.C and
FTIR analyses can be used to compensate for generation of
CO, from C, oxidation.

In a further alternative embodiment, PMIDA conversion
can be estimated from a combination ofthe oxygen consump-
tion and carbon dioxide generation. Although each indepen-
dently provides a basis for estimation, each may also be used
as a check against the other. Moreover, observations of oxy-
gen consumption, carbon dioxide generation, FTIR analysis,
and other parameters may be integrated into a chemometric
model which also integrates other data relationships such as,
for example, material and energy balance computations for
the reaction step. Such a model can also optionally integrate
data yielded by other methods of end point detection as
described hereinbelow, including cumulative heat generation,
differential heat generation, and electrochemical oxidation.

As illustrated in FIG. 20, the oxygen content of the reactor
vent gas typically increases rather sharply as the end point of
a batch oxidation reaction cycle is approached. Data under-
lying the profiles illustrated in FIG. 20 provide the basis for
determining both cumulative and differential oxygen con-
sumption in the oxygen consumption methods of the inven-
tion for estimating end point. In addition, given the strong
response of vent gas O, content to conversion as the reaction
nears its end point, the instantaneous vent gas O, content as
such, or the rate of change therein, provides a reasonably
precise basis for projecting a reaction end point, or estimating
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the extent of conversion, irrespective of whether the measured
O, content is converted to a cumulative oxygen consumption
or an instantaneous rate thereof. Historical analytical or
operational data obtained from laboratory or industrial oxi-
dation reactors may be used to calibrate detection of the
reaction end point by measuring vent gas O, content. Con-
versions and end points as estimated from vent gas oxygen
profiles can provide a basis for adjusting reaction parameters
such as PMIDA residence time, reaction temperature, and
agitation intensity in establishing and maintaining a target
residual PMIDA content in the product reaction solution exit-
ing a continuous back mixed or continuous plug flow reactor.

As illustrated in FIG. 20, vent gas O, may be relatively high
early in the course of a batch reaction, typically before the
aqueous reaction medium has become heated to the target
reaction temperature. In such instance, the target end point or
conversion is indicated by vent gas O, content as attained
after an appropriate minimum batch reaction time or mini-
mum continuous reactor residence time. The requisite mini-
mum time is that which is sufficient so that, under the condi-
tions prevailing in the reaction zone, there is a unique
correlation between O, content of the vent gas vs. conversion
and/or residual PMIDA content in the course of further reac-
tion subsequent to such minimum reaction time or residence
time. For example, the vent gas can be monitored after the
reaction has entered the non-zero order stage with respect to
consumption of PMIDA, typically at a conversion above
about 95%, or even above 98%. However, the “minimum
time” requirement can often be met earlier. Under typical
reaction conditions, the vent gas O, content may become a
unique function of conversion after a minimum reaction or
residence time that provides a conversion somewhat below
95%, in which case it may be convenient to begin following
vent gas O, content at a such lower conversion.

In a typical tank reactor, whether batch or CSTR, the head
space is substantially back mixed, and the volume and resi-
dence time in the head space can be substantial, thus poten-
tially damping the response of the vent gas O, content to
conversion if measured by sampling the bulk gas phase, and
consequently tending to mask the end point. Thus, in certain
preferred embodiments, the response is enhanced by moni-
toring the O, content of gas phase instantaneously as it exits
or evolves from the liquid phase. This may typically be
accomplished, e.g., by segregating a representative sample of
the aqueous liquid reaction medium, and directing the sample
to a gas/liquid separator operating at the same pressure as the
reactor, whence the separating gas phase is analyzed for O,
content. The sample is withdrawn from below the liquid level
and the gas/liquid separator may be vented back into the head
space of the reactor. Alternatively, an analytical probe may be
immersed in the liquid phase which is effective for sensing
nascent gas released from the liquid phase. In yet another
alternative, a sampling device may be positioned to capture
bubbles forming in the liquid phase and direct it to a gas
chromatograph or other analytical device for determining the
oxygen content.

Where a noble metal catalyst is used for the reaction, the
oxygen tlow rate may in some cases be stepped down signifi-
cantly as the reaction approaches its end point, e.g., toward
the end of a batch reaction cycle or in the final reactor in a
series of CSTRs. This creates conditions that are conducive to
the oxidation of C, by-products such as formaldehyde and
formic acid, helps prevent oxidation of glyphosate to AMPA,
and inhibits oxidative degradation of the catalyst. Where such
measures are taken, the instantaneous O, content of the vent
gas may not increase as sharply as may be desired for precise
end point identification. However, even at reduced oxygen
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flow, the oxygen utilization may drop relatively sharply as the
batch approaches its end. Thus, end point can also be detected
by the instantaneous oxygen utilization, or the rate of change
therein, in a manner that is otherwise substantially similar to
detection by vent gas O, per se.

Oxygen utilization is preferably determined by comparing
the oxygen flow rate to the reactor with the product of the vent
gas flow rate and the vent gas O, content as determined in the
gas phase exiting the liquid phase. For the latter determina-
tion, a segregated sample is preferably used to produce a
segregated vent gas sample that is analyzed for O,. Alterna-
tively, a probe immersed in the liquid phase can be used as
described above.

Similarly, as further demonstrated in FIG. 20, the CO,
content of the vent gas falls sharply in the last few minutes
before the typical end point. Thus, as an alternative to using
the data reflected by the CO, vent gas profile in the aforesaid
cumulative and instantaneous CO, generation methods (or in
combination therewith), the instantaneous CO, content of the
vent gas, and/or the rate of change thereof, may itself provide
auseful end point indication for the reaction system. Histori-
cal analytical data may be used in the same manner to cali-
brate end point detection by vent gas CO, content as
described above for vent gas O, content. Application of CO,
content end point detection to batch, continuous back mixed
and continuous plug flow systems is also the same as for vent
gas O, content as described above, including the methods
described for isolating a sample of the vent gas evolving from
the liquid phase or use of a probe immersed in the aqueous
liquid. Further refinement of end point may be realized by
following both vent gas O, content and vent gas CO, content.
Either may be used to cross check and/or adjust the other.

As further illustrated in FIG. 18, dissolved oxygen content
of the aqueous reaction medium may also be used in the
manner immediately described above for vent gas O, and/or
CO, content in identifying end points at which residual
PMIDA concentration has been reduced to a desired level. In
the particular operations illustrated, a sharper response may
be observed in the vent gas O, and CO, content, as compared
to dissolved oxygen. As noted, oxygen flow rate is typically
reduced during the final minutes of reaction to minimize
AMPA formation and avoid oxygen poisoning of a noble
metal catalyst, and this can damp the effect of declining
reaction rate on dissolved oxygen. However, depending on
the selection of catalyst and other conditions imposed on the
process, a reasonably sharp end point identification may be
obtained by monitoring this variable. Like the other methods,
end point detection by dissolved oxygen level may be cali-
brated by comparison to historical FTIR or HPLC analytical
data obtained in a laboratory or industrial oxidation reactor.

In accordance with a further alternative method of the
invention, the conversion of PMIDA can be monitored and/or
an end point defined by a target residual PMIDA concentra-
tion can be projected based on in-line FTIR or HPL.C analysis
for one or more products of over-oxidation such as, for
example, aminomethylphosphonic acid (“AMPA”). Based on
synthesis ofhistorical analytical data obtained from operation
of a laboratory or industrial scale oxidation reactor, a funda-
mental or empirical correlation can be developed between
AMPA accumulation and conversion. Such correlation may
vary depending on whether the reaction system comprises a
batch reactor, a series of continuous back mixed reactors, or a
plug flow reactor. Based on the same or similar data, a corre-
lation may also be developed between AMPA accumulation
and reaction time for a batch reactor, especially toward the
end of the reaction cycle; or AMPA accumulation as function
of residence time in the last of a series for a continuous back
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mixed reactors or atthe exit ofa plug flow reactor. Combining
a correlation of PMIDA content vs. AMPA content with a
correlation of AMPA content vs. time, an end point projection
algorithm may be developed based on measured AMPA con-
tent. If AMPA response is sharper than PMIDA response, the
precision of end point detection may be enhanced vs. a
method based on direct analysis for PMIDA alone. Conver-
sion and end point projections based on accumulation of
AMPA, or other over-oxidation products, can be compared
with data from other methods for conversion monitoring as
discussed herein, and the comparison integrated into a gen-
eral program for estimating and cross checking such projec-
tions.

According to a further alternative, the PMIDA conversion
and/or reaction end point can be monitored or determined by
the electrochemical response of the aqueous reaction medium
to an imposed current or imposed voltage. In such methods, a
potential is imposed between a working electrode and coun-
terelectrode, both electrodes being immersed in the aqueous
reaction medium or a sample thereof. An estimate of the
extent of conversion and of residual PMIDA content can be
determined from a function of the power that is consumed in
maintaining a select current density or select potential differ-
ence between the electrodes. The methods are based on the
difference in the potential required for the electrochemical
oxidation of PMIDA, which is relatively low, vs. the potential
required for oxidation of glyphosate, which is relatively high.
At low to moderate conversions, the current flows between
the electrodes at a voltage effective for the electrochemical
oxidation of PMIDA, but insufficient for the electrochemical
oxidation of glyphosate. When PMIDA is sufficiently
depleted, the current flow either sharply declines, or is sub-
stantially shifted to electrochemical oxidation of glyphosate.
In either case, the current/voltage relationship changes so that
greater power consumption is required to maintain a given
current density.

In one alternative for electrochemical detection or moni-
toring of the conversion of PMIDA, a select current density is
maintained between the electrodes, and the voltage required
to maintain that current density is continuously or intermit-
tently measured. The select current density maintained
between the electrodes immersed in the aqueous reaction
medium or a sample thereof is preferably held substantially
constant, but optionally may be a programmed current den-
sity, e.g., a series of discrete current densities or a current
scan. Extinction of PMIDA to a target residual level is
detected by a rise in voltage necessary to maintain the select
current density. The voltage that is necessary to maintain the
select current density at the target PMIDA content is essen-
tially the potential required for oxidation of PMIDA, plus an
increment necessary to overcome the resistivity of the solu-
tion between the electrodes and any fouling or other source of
polarization at the electrodes. Because the C,; by-product
compounds formaldehyde and formic acid are subject to elec-
trochemical oxidation at a potential lower than that required
for oxidation of PMIDA, the imposed or select current density
is the sum of that sufficient for oxidation of the C;s and
possibly other readily oxidizable impurities, plus an incre-
ment that provides the Faradaic equivalent of a target PMIDA
concentration. During operation at high to modest PMIDA
concentration, the current density is carried entirely by the
oxidation of C;s, other readily oxidizable impurities and
PMIDA; and the voltage stays relatively constant at a level
slightly above the potential required for PMIDA oxidation.
As the PMIDA concentration drops below the target thresh-
old, the sum of the oxidation products of C,, other readily
oxidizable impurities and PMIDA is no longer sufficient to
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carry the select current density, and the voltage increases to
the potential required for oxidation of glyphosate. In a batch
reaction, this end point may be identified by a sharp inflection
in a plot of voltage vs. time, e.g., as presented on a process
operations control chart.

As further discussed herein, “select current density” and
“current density” are sometimes referred to as “select cur-
rent” and “current,” respectively. At a voltage sufficient for
electrooxidation of PMIDA but not glyphosate, the sum of the
PMIDA and C, content is a function of current density rather
than absolute current, because the current density is a func-
tion of the absolute current and the scale and geometry of the
electrolytic circuit, it depends on the area and orientation of
the electrodes presented to the solution in the electrolytic
circuit. Those skilled in the art will recognize that, in the
practical application of the method of the invention in a manu-
facturing facility, once the structure of the circuit and circuit
elements, including electrodes, is fixed, the variable actually
imposed and controlled, and against which the requisite volt-
age is measured and displayed, may be the current rather than
current density. But for the same reasons, once the scale,
structure and geometry of the system is fixed, selection of
current is tantamount to selection of current density.

A plot of voltage vs. time (and conversion) at constant
current density is illustrated in FIG. 7. This is illustrative of
the readout obtained from a process instrument used for
monitoring PMIDA conversion and/or estimating or identi-
fying a desired end point. FIG. 8 comprises a series of voltage
vs. time and conversion plots of the type that may be used in
selection of programmed current that is most effective for
detecting the desired end point/degree of conversion. In FIG.
8, voltage is recorded as a function of time at a variety of
different select current densities. It will be seen that if the
select current density is too high, solution impedance
obscures the effect of electrochemical oxidation, and a sharp
inflection is not observed when the PMIDA concentration
drops to a target value. A lower current, on the other hand, is
potentially effective for identifying a very low target residual
PMIDA content, and thus a high conversion. However, if the
current is too low, the end point may be obscured by the
background current or be carried entirely by oxidation of
formaldehyde, formic acid and various readily oxidizable
impurities. Thus, if too low a current is used in end point
detection, it may result in the catalytic oxidation reaction
cycle being prolonged to the extent that a risk of overreaction
is incurred, i.e., oxidation of product glyphosate to AMPA. In
the plot in question, the optimal current is between about 4
and about 7 milliamps.

More generally, it is preferred that the select current den-
sity be in the range between about 0.1 and about 0.7 mA/mm?,
preferably between about 0.2 and about 0.5 mA/mm? at the
working electrode, i.e., the anode. Thus, for example, where
the electrodes comprise parallel pins of about 1.5 mm diam-
eterx3-5 mm in length, the preferred current may typically
fall in the 4 to 7 mA range indicated as optimal in FIG. 8. In
order to minimize the effect of solution resistivity, the elec-
trodes are preferably spaced between about 1 mm and about
4 mm apart, preferably about 2 to about 3 mm apart. Advan-
tageously, the flow rate of reaction solution between the elec-
trodes is maintained at a least about 100 cm/sec, more typi-
cally between about 30 and about 300 cm/sec to minimize
fouling and polarization and to maintain a representative
solution around the electrodes.

Subject to the sensitivity limitations indicated in FIG. 8, to
variability in the C, concentration at the end of the batch, and
to the predictability of C, variations, the select current
method may be tuned to identify essentially any target end

10

15

20

25

30

35

40

45

50

55

60

65

46

point for a batch reaction. For example, a constant current
electrochemical detection system may be set to identify an
end point of 450 to 600 ppm PMIDA for standard operations
or in the range of 45 to 60 ppm where an exceptionally low
PMIDA product is desired. Where the process comprises
recycle of the PMIDA from the glyphosate product recovery
area to the reaction system, the target end point may be
increased by an increment corresponding to the extent of the
recycle. For example in a continuous process of the type
illustrated in FIGS. 1 and 2, the target end point may typically
be from about 500 to about 2500 ppm PMIDA for standard
operations, or in the range of about 250 ppm PMIDA under
conditions where an exceptionally low PMIDA product is
desired.

In a continuous process, select current may be established
in a stream of sample of the product reaction solution in or
exiting the final reactor. Ifthe voltage required to maintain the
imposed current approaches or exceeds the potential required
for electrochemical oxidation of glyphosate, the target
PMIDA has been reached; if not, there may still be too much
unreacted PMIDA. A more specific determination of actual
PMIDA content can be obtained by scanning the current and
observing the voltage, subtracting the component attributable
to C;s as achieved at voltages below the threshold potential
for electrochemical oxidation of PMIDA, and estimating
residual PMIDA from the Faraday equivalent of the current
increment in excess of that required for C;s.

To minimize effects of fouling and polarization, the polar-
ity of the electrodes is repetitively reversed, so that what had
been the working electrode becomes the counterelectrode and
vice versa. Reversal is preferably effected at intervals of not
more than about 10 minutes, more typically not more than
about one minute, preferably not greater than about 30 sec-
onds, most typically between about one second and about 20
seconds, preferably between about 5 seconds and about 15
seconds. A bipolar power source is provided for this purpose.
FIG. 17 illustrates the typical voltage vs. time chart that is
recorded using a select current electrochemical oxidation
detection method with polarity reversal at 2.7 second inter-
vals. The dashed trace is recorded early in the batch and shows
that no increase in voltage is required to maintain a select
current density, indicating that the current is all being carried
by oxidation of C;s and PMIDA, with no participation by
glyphosate. The solid trace is taken later in the batch and
shows that each of the alternating current pulses requires a
ramp in voltage, reflecting the requirement for oxidation of
glyphosate in order to carry the full select current density.

FIG. 18, which is discussed above with respect to oxygen
flow and dissolved oxygen profiles, also comprises a trace of
the voltage response observed in practice of a select current
electrochemical oxidation end point detection method. It may
be seen that the voltage declines as the aqueous reaction
medium is brought to reaction temperature, goes through a
trough early in the batch and then climbs along a modest slope
until shortly before the end point is approached. In the last few
minutes of the reaction cycle, the voltage response climbs
relatively steeply (typically though not necessarily exponen-
tially) to a level which indicates sufficient conversion for the
oxygen flow to be terminated. Upon termination of oxygen
supply, the dissolved oxygen content drops precipitously to
essentially zero, and the voltage increases nearly instanta-
neously to the level at which electrochemical oxidation of
PMIDA can occur in the absence of dissolved oxygen. As
discussed elsewhere herein, purely electrochemical oxida-
tion, unaided by dissolved oxygen, typically requires a poten-
tial in excess of 3 volts, more typically more than 3.5 volts.
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According to an alternative method for electrochemical
detection or monitoring of the conversion of PMIDA, a select
voltage may be applied which is sufficient to effect electro-
chemical oxidation of PMIDA, but not glyphosate, and mea-
surement made of the current response to the applied voltage.
The result may be adjusted for C, s, which are also oxidized at
a voltage effective for the oxidation of PMIDA. The C, con-
tent at high PMIDA conversion can be estimated based on
long term or short term historical analytical data, as described
above with respect to the oxygen consumption and carbon
dioxide generation methods, and the current equivalent
thereto estimated according to Faraday’s Law. After a current
component equivalent to the C; s is subtracted, the remaining
current increment is substantially proportional to the residual
PMIDA content of the aqueous reaction medium. Reduction
of'the residual PMIDA content to the target value is indicated
by a decline in the current response as compared to that
obtained at a higher PMIDA concentration.

According to a refined alternative, the select voltage
method allows the C, content to be repetitively determined,
and thus a zero value for the PMIDA determination to be
provided, by applying two discrete voltages in sequence. The
first, relatively lower voltage, is effective for the electro-
chemical oxidation of formaldehyde and formic acid, but not
for the electrochemical oxidation of PMIDA. The second,
relatively higher voltage, is sufficient for the electrochemical
oxidation of PMIDA but not for the oxidation of glyphosate.
The current response to the first applied voltage reflects oxi-
dation only of the C;s, while the current response to the
second applied voltage reflects the oxidation of both the C;s
and PMIDA. The PMIDA content is indicated by the differ-
ence between the two current responses.

The various species within the oxidation reaction mixture,
including formaldehyde, formic acid, PMIDA and glypho-
sate are all subject to entirely electrolytic oxidation in aque-
ous media at voltages that are relatively high. For example, it
is known that glyphosate may be produced by the electrolytic
oxidation of PMIDA at potentials in the range of 3.3 volts or
greater. However, in the methods of the invention, PMIDA
conversions are typically estimated in a reaction medium
through which molecular oxygen is being constantly sparged.
Thus, the medium has a dissolved oxygen content, and con-
sequently an oxidation potential, that are substantial fractions
of the values prevailing at oxygen saturation. In the presence
of'an adequate supply of molecular oxygen, the various elec-
trolytic reactions proceed via the reduction of molecular oxy-
gen at net voltages that are substantially lower than those
required for electrolytic oxidation alone.

e}

P
(HO)Z_P/\N + 120,
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(HO)Z—P/\g/\C—OH + CH0 + 2¢
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For example, oxidation of PMIDA to glyphosate proceeds
typically at a voltage of about 0.7 or greater relative to a
Ag/AgCl electrode. By comparison, oxidation of formalde-
hyde and formic acid to carbon dioxide and water proceeds at
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a voltage in the range of about 0.4 relative to a Ag/AgCl
electrode, while oxidation of PMIDA to glyphosate requires
a voltage in the range of 1.2 to 1.3.

In operation of the select voltage method, pulses are alter-
nately and repetitively applied at a plurality of different volt-
ages. One voltage, a relatively lower voltage, is sufficient for
oxidation of C,; compounds but not PMIDA. Another voltage,
a relatively higher voltage, is sufficient for oxidation of both
C,s and PMIDA. The current or current density responses and
difference between such responses are determined for each
successive combination of low voltage and high voltage pulse
pairs. The current difference is continually tracked. In a batch
reaction, the end point is reflected by a sharp drop in the
current obtained at the higher voltage, and more particularly
by a sharp drop in the difference between high voltage and
low voltage current as computed from pulse cycle to pulse
cycle.

The principles and mode of operation of the select voltage
method are shown in FIG. 9. At periodic intervals, a first
voltage V, is applied which is sufficient for the electrochemi-
cal oxidation of by-product C, compounds, i.e., formalde-
hyde and formic acid, but not sufficient for the electrochemi-
cal oxidation of either PMIDA or glyphosate. The current [,
generated in response to V| reflects only the concentration of
the aforesaid C,; compounds (and possibly other minor back-
ground contaminants) and not the concentration of either
PMIDA or glyphosate. At a different point in the select volt-
age method cycle, a higher voltage V, is applied which is
sufficient to oxidize the C,; compounds (and any background
contaminants) and PMIDA, but not sufficient to oxidize gly-
phosate. The current response to V, is I,,,. The difference
between the two observed current responses is I,, the current
that is attributable to the oxidation of PMIDA. As the reaction
progresses, I, may continually increase, or may increase to a
maximum and then remain level or decline; but a significant
residual C, content typically remains in the reaction mixture
even as the PMIDA end point is reached, especially in the case
where the catalyst comprises carbon only. Regardless of the
profile of I, across the reaction, I, declines progressively as
the reaction proceeds until the target PMIDA concentration is
reached.

In implementation of both the select current and select
voltage methods, the electrodes may be constructed of any
convenient material that has a low oxidation potential and is
chemically inert in the system. As a practical matter, these
considerations tend to narrow the options. Platinum is pre-
ferred for its chemical and electrochemical inertness. A Pt/Ir
electrode combines inertness with mechanical strength. In
various preferred embodiments of the select voltage method,
as illustrated in FIG. 19, a reference electrode, e.g., a pseudo
Ag/AgCl electrode is provided in proximity to the working
electrode (anode) at which the oxidation reaction takes place.
Because no current flows at the reference electrode, it func-
tions reliably to sense the voltage prevailing at the working
electrode so as to assist in controlling the latter at a target
voltage such as V|, for oxidation only of C, compounds to
generate current [;, or V,, for oxidation of both C; com-
pounds and PMIDA without oxidation of glyphosate to gen-
erate current I,,,. By sensing the voltage at the working
electrode, the reference electrode provides the basis for con-
trolling that voltage value at a desired level. In the absence of
the reference electrode, control of the working electrode at a
proper voltage for the desired electrochemical oxidation reac-
tion may be compromised by the resistivity of the solution
and other vagaries of the environment in which the electro-
Iytic circuit must function.
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Alternatively, the reference electrode may be used merely
to sense the voltage at the working electrode, without being
part of any control circuit for maintaining that voltage at a
target level. Instead, as further discussed hereinbelow, the
voltage as sensed may be used as a term in a regression
equation for computing PMIDA content from this and other
measured parameters of the reaction system. FIG. 19 illus-
trates such a system in which a voltage is applied from a
power source 701 across a working electrode 703 and a coun-
terelectrode (auxiliary electrode) 705 that are immersed in the
process stream, and the resulting current measured by means
of an ammeter 707. Via a potentiometer 711, the voltage
across reference electrode 709 and working electrode 703 is
sensed.

In some instances, it may be desirable for the reference
electrode to be based on a redox couple of known oxidation
potential, e.g., Ag/AgCl.

However, in some applications, especially where the aque-
ous medium flowing past the electrode contains a particulate
catalyst, a Ag electrode may rapidly erode or corrode. In such
applications, it may be preferable for the reference electrode
to also be formed of Pt or a Pt/Ir alloy. In the latter instance,
the reference electrode may not have a known potential, but
since no current flows at this electrode it facilitates the means
by which the working electrode voltage may be sensed and
controlled.

Even where a reference electrode is used to assist in mea-
surement of the working electrode voltage at a value effective
for the desired electrochemical reactions, variables other than
the power consumption response to the select current or select
voltage have been found to aftect the precision of the electro-
chemical methods for PMIDA conversion. These include for
example, the absolute voltages (as contrasted with the voltage
difference), the rest potential between pulses, i.e., the oxida-
tion potential of the medium, and the temperature. Rest
potential may be determined with an ORP electrode, as dis-
cussed hereinabove. In the select voltage method, the effect of
such other variables may be taken into account using an
algorithm that may be developed for the purpose. Advanta-
geously, compensation for these various effects may be
accounted for on-line by transmitting signals for current,
current difference, temperature, absolute voltage and rest
potential to a processor which is programmed with the algo-
rithm.

Although the electrochemical methods for estimating
PMIDA concentration operate on known principles, it has
been found that the vagaries of an operating environment are
not always susceptible to evaluation by purely scientific cal-
culation, especially at relatively low PMIDA concentration.
Instead it has been found that estimation of the PMIDA con-
tent may be best achieved by development and application of
an empirical algorithm that is generated by regression analy-
sis of extensive operating data. Thus, a typical empirical
relationship is as set forth below:

PMIDA(ppm)=C, (P10V)+C(P1OC)+C3(P20V)+C,

(P20C)+C5(RV)+Co(PT)I+C (Eq. 1-1)

Where:
P10OV=pulse 1 observed voltage
P1OC=pulse 1 observed current
P20V=pulse 2 observed voltage
P20C=pulse 2 observed current
RV=rest voltage
PT=process temperature
C,, C,, Cs, C,, Cs=regression equation coefficients
C,=a constant
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The values of the coefficients may vary significantly between
batch vs. continuous mode oxidation, filtered vs. unfiltered
aqueous medium, type and age of catalyst, and numerous
other variables of the process, equipment and control system
in the manufacturing facility in which the method is used.
Moreover, because the coefficients are empirical as deter-
mined by regression analysis, they are typically sensitive to
modest variations in system parameters, and can shift by
orders of magnitude. In such instances, an order of magnitude
change in one coefficient may be offset by an order of mag-
nitude change in other coefficients of opposite sign. Typically,
it may also be necessary to apply an offset or correction factor
to the value as calculated by an equation of the nature set forth
above. It will be understood that during any particular period
of operation, the range of the aforesaid coefficients and cor-
rection factor may vary significantly. In this regard, an empiri-
cal regression equation for residual PMIDA content is gener-
ally valid over a PMIDA range of no more than about two
orders of magnitude. For example, separate algorithms may
be necessary for computation in a range of 200 to 2000 ppm
vs. a range of 2000 to 8000 ppm. It has been found that a
logarithmic model may reconcile data from these separate
ranges, but more accurate operating information is provided
by applying separate linear equations to separate ranges of
PMIDA content.

Electrodes for electrochemical estimation of conversion
are preferably positioned in a location where temperature is
substantially constant and either equal to or consistently
reflective of the bulk temperature in the catalytic oxidation
reaction zone. It may also be advantageous to position the
electrodes in an area of relatively high flow in order to mini-
mize fouling and polarization of the electrodes. In the select
current method, it is also preferable to maintain the flow rate
and other measurement variables as nearly constant as is
practicable, including oxygen potential of the solution, solu-
tion conductivity, and electrode disposition and dimensions.
Where the reaction zone comprises a stirred tank reactor
having an external heat exchanger for removing the exother-
mic heat of reaction, the electrodes are advantageously posi-
tioned in the circulating line immediately upstream of the
heat exchanger; or in a slip stream parallel to the main circu-
lating stream, but also preferably just upstream of the heat
exchanger. This position affords both constant temperature
(bulk temperature of the aqueous medium) and flow.

In certain applications, it may be desirable to periodically
reverse the polarity of a select voltage electrochemical oxi-
dation circuit. For example, in a continuous process compris-
ing CSTRs in series, remaining PMIDA content may advan-
tageously be estimated for a stream exiting a CSTR other than
the final reactor in the series, e.g., either the penultimate
reactor or the third last reactor. In such instance, the residual
PMIDA content may be high enough to cause polarization by
accumulation of a high concentration of glyphosate in a
boundary layer along the surface of the electrode and/or foul-
ing of the electrode by deposit of solid glyphosate. The solu-
bility of glyphosate in the aqueous medium is limited. If
glyphosate accumulates to a high enough concentration in the
boundary layer, it can precipitate on the electrode surface.
This may be manifested by drift in the response at different
voltages and residual current when the circuit is otherwise at
rest. Periodic reversal of polarity helps to prevent concentra-
tion polarization and fouling. The frequency of reversal
depends on the environment in which the select voltage sys-
tem is applied. Typically, reversal may be effected every 15
seconds to several minutes, more typically between about 15
seconds and about two minutes, still more typically between
about 20 seconds and about one minute.
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The select voltage method is somewhat more adaptable to
changing conditions, in part because a zero basis is estab-
lished by measuring both the current attributable to oxidation
of C;s only and the current attributable to oxidation of both
C,s and PMIDA, and further because of the availability of an
algorithm that compensates for changes in temperature, abso-
lute voltage and rest potential.

FIG. 10 schematically illustrates a control system for
implementing the select voltage method for tracking the con-
version of PMIDA. A computer controller 201 is programmed
to impose a select voltage between working electrode E; and
counterelectrode E,. In response to a voltage signal from
across reference electrode E; and working electrode E|, an
output signal from the computer adjusts impedance in the
electronic circuitry 203 to maintain the voltage at the desired
valueV, orV, as the case may be, depending on which cycle
the computer is running. The resulting current (I, or I,,,) is
sensed by a current sensor in the circuitry 203 and a current
signal transmitted to the computer 201. Voltage V, which is
sufficient only for C;, compound oxidation, is applied alter-
nately to a voltage V,, which sufficient for oxidation of both
C, compounds and PMIDA. Typically, each voltage is applied
for a period of between about 10 and about 20 seconds, with
a rest interval between applications of typically between
about 10 and 20 seconds. The resulting current I, or I, ,, is
sensed across the working electrode E, and the counterelec-
trode electrode E, and transmitted to the computer processor
201. The computer is programmed with an algorithm by
which the current I, can be computed from measured currents
I, and I,,,, and from which the computer determines the
residual concentration of PMIDA, effectively from the differ-
ence between 1, and I, ,,, i.e., L, but preferably from mea-
surements that include applied voltages and rest potentials,
for example per regression equation 1-1. An output signal is
transmitted to a readout device that may be positioned on a
control panel and/or on or in the vicinity of the reactor. As
further discussed hereinbelow, the output signal from com-
puter 201 may be used in feedback control of an independent
process variable such as, e.g., the reaction temperature, inten-
sity of agitation, the rate and/or pressure of oxygen supply or,
in a continuous reaction system, the rate of introduction of
PMIDA feed solution to the reactor and the rate of withdrawal
of product reaction mixture therefrom.

Select current and select voltage electrochemical oxidation
methods can also be used in combination to estimate conver-
sion and/or determine end point of the oxidation reaction.
One alternative which can be used for this purpose, and inter-
preted with respect to either voltage as function of current or
current as a function of voltage, is the current scanning
method that is described hereinabove. Whether current
response to voltage and voltage response to current are gath-
ered dynamically by scanning, or by separately applied select
current and select discrete voltage(s), an algorithm may be
derived by regression analysis using current response to
applied voltage and voltage response to applied current den-
sity. The product of each of these responses and an appropri-
ate coefficient is incorporated as a term in a polynomial
expression for residual PMIDA content of the reaction
medium. Generally, voltage response to select current
appears as a negative term in an expression for residual
PMIDA, while current response to select voltage is a positive
term. The precision of the determination can be enhanced by
including the rest potential, which essentially corresponds to
the oxidation potential of the aqueous medium, and can be
measured using an oxidation/reduction potential probe. Gen-
erally, the oxidation potential appears as a negative term in the
regression equation. The coefficients are specific to the con-
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ditions of the particular reaction, the nature, loading, age and
activity of the catalyst, and at least potentially to the pecu-
liarities of the particular reactor configuration. However,
based on the description herein, they can be readily derived by
those skilled in the art from standard regression analysis.

In practice of the select voltage method, or in sweeping the
voltage, data may be gathered by which the requisite batch
reaction time or continuous reactor residence time necessary
to obtain a target conversion and/or residual PMIDA content
may be projected in the manner described above in the case of
FTIR. For example, a series of current responses may be
obtained in response to a select applied voltage, or a plurality
of discrete select voltages. Based on a known or determined
order of reaction, these responses may be used to project the
batch reaction time or continuous reaction residence time
necessary to achieve a target conversion of PMIDA to gly-
phosate or another intermediate for glyphosate and/or a target
end point defined by residual PMIDA concentration. The
projection may be made based on a known or determined
relationship between residual PMIDA content and the current
response at a plurality of the series of applied voltages. At
least two or more of the applied current determinations are
preferably obtained under non-zero order reaction condi-
tions. As in the case of projections based on FTIR, oxygen
consumption, or CO, generation, the order of the reaction and
the rate constant may be determined from historical HPL.C
data, FTIR data, other analytical data, or operational data
obtained from laboratory and/or industrial oxidation reac-
tions. Where the projection is made on the basis of substan-
tially first order reaction, the end point may be projected
based on a straight line plot of the logarithm of the remaining
PMIDA concentration vs. time.

Where the electrodes used in either the select current or
select voltage electrochemical oxidation method are inserted
in a recirculation line, e.g., a slip stream of the reaction
mixture circulating through an external heat exchanger, the
electrodes may conveniently be mounted on a probe that is
inserted in a pipe spool such as that illustrated in FIG. 13. A
flanged pipe pool 301 is provided with an internally threaded
lateral entry coupling 303 that is adapted for insertion of the
probe. As illustrated in the drawing, the spool includes a
second internally threaded coupling 305 so that two probes
can be accommodated by the same spool. The probe as illus-
trated in FIGS. 11 and 12 includes a bushing 307 that is
threadably received in coupling 303 or 305, and a cable 309
which carries leads for the electrodes. The probe is sealed
against leakage of process liquid by an O-ring 313. The cable
passes through and is sealed within the bushing. As shown in
FIG. 12, the probe comprises three electrodes, i.e., working
electrode E |, counterelectrode E,, and reference electrode E;.
FIG. 16 is an end view of a two electrode probe. Thus, the
electrode probe may be adapted for use in either the select
current or stepped voltage method as described above. Typi-
cally, coupling 305, bushing 307 and electrodes E |, E,, and E;
are positioned normal to the direction of flow of aqueous
reaction medium through spool 301. An annular shroud 311,
generally coaxial with bushing 307 and coupling 305, serves
to provide at least some reasonable degree of protection for
the electrodes against erosion that otherwise may result from
action of the flowing reaction mixture, and especially catalyst
that is ordinarily suspended therein. The shroud may be slot-
ted at positions around its circumference to allow adequate
circulation of bulk liquid to the electrode surfaces. The shroud
and other wetted surfaces of probe are preferably constructed
of a corrosion resistant alloy such as, for example, alloy 825
of alloy 276.
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In providing for two separate probes, the arrangement of
FIG. 13 allows for operation using a variety of different
electrode combinations; and in particular for redundant mea-
surement against the contingency that one electrode probe
may become fouled or polarized and give a false reading.
Thus, for example, using the arrangement provided in FI1G. 13
the electrochemical detection methods may use an electro-
chemical circuit comprising a single dual electrode probe of
the type illustrated in FIGS. 11 and 12, or two single isolated
electrodes; and may provide for redundant measurement, or
two dual isolated electrodes.

For proper calibration and operation of the select current
and select voltage electrochemical oxidation methods, it is
desirable to establish whether: (i) the aqueous medium sub-
jectto the method has an oxidation potential sufficient for the
various reactions to proceed in the voltage ranges described
above; or instead (ii) the oxidation potential is so low that
detection can proceed only at the relatively high potentials
that are necessary for solely electrolytic oxidation. Ordi-
narily, it may also be desirable to maintain the oxidation
potential of the analyte medium in one condition or the other,
i.e., at an oxidation potential sufficient for PMIDA to be
electrochemically oxidized in the range 0£ 0.7 to 1.0 volt, or at
oxidation potential insufficient for oxidation of PMIDA to
proceed until a significantly higher threshold voltages is
imposed.

Measurement of oxidation voltages and currents may fur-
ther be complicated by the presence of catalyst in the aqueous
reaction medium that is subjected to the end point detection
method. It has been observed that the presence of catalyst
tends to promote higher currents at a given voltage and vice
versa. Because the catalyst has a significant oxygen carrying
capacity, it is believed that the effect of catalyst may be to
transport oxygen to the electrodes, either by collisions
between catalyst and the electrodes or by oxygen enrichment
of the solution in proximity to the electrodes. With reference
to FIGS. 1 and 2, for example, the voltage and current
responses to an electrode probe placed in one or more of
reactors 101, 103 and 105, or in a circulating line for an
external heat exchanger associated with such reactor(s), may
differ significantly from the response obtained by application
of current or voltage to a sample of the aqueous medium from
which the catalyst has been removed, as by filtration. Simi-
larly, the responses obtained from a probe in a reactor or
reactor circulating line may differ significantly from the
response that is observed upon application or current or volt-
age to the aqueous reaction medium downstream of filter 107.
The select voltage method may be calibrated by periodic
assays of the reaction mixture and comparison of current at
discrete select voltages with assay for PMIDA, formaldehyde
and formic acid.

FIG. 14 illustrates a scheme for control of the PMIDA
conversion in a reaction system of the type illustrated in
FIGS. 1 and 2, and more particularly for controlling the
conditions of the reaction to achieve and maintain a target
PMIDA concentration in the reaction medium exiting the
reaction system. In the process control scheme of FIG. 14,
conversion of PMIDA is established and maintained by an
appropriate combination of reactor residence time, PMIDA
concentration, reaction temperature, intensity of agitation
and oxygen flow rate. A conventional process control instru-
mentation system, indicated collectively and schematically at
403, is provided for measurement and control of PMIDA feed
rate, temperature in the reactors, and calculation of oxygen
flow setpoints to each of reactors 101, 103 and 105. Signals
from sensors and controllers including but not limited to those
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listed in block 415, are transmitted to 403 for adjusting the
control set points of oxygen into the several reactors 413.

A select voltage or select current system 405 provides a raw
estimate of residual PMIDA content based on the response
obtained in an appropriate reaction stream or sample. For
example, an electrochemical detection probe may be posi-
tioned in reactor 105, in a line circulating aqueous reaction
medium between reactor 105 and an external heat exchanger
associated therewith, or in the line exiting filter 107. Option-
ally, measurements may be taken in both reactor 105, or its
circulating line, and in the exit stream from filter 107. The
measurement in reactor 105 or its circulating line provides a
value that may be used for control with somewhat less
response lag than is incurred where the control function
responds to the PMIDA value obtained in the stream exiting
filter 107. Otherwise, placing a probe in the filtrate is gener-
ally advantageous because it measures PMIDA content in the
substantial absence of catalyst, and is, therefore, less subject
to vagaries of catalyst activity, concentration, etc. However,
the stream exiting the filter may in some instances have a
relatively low dissolved oxygen content. Care must be taken
to determine whether the oxidation potential of the filtrate is
sufficient for electrochemical oxidation in the preferred
ranges discussed above. Optionally, the filtrate may be aer-
ated to make certain that its oxidation potential is sufficient
for oxidation of PMIDA at a voltage in the range of about 0.7
to about 1.0. Alternatively, the filtrate may be purposefully
subjected to electrochemical oxidation under oxygen starved
conditions, in which case C, oxidation may typically be
observed in the range between about 1.5 and about 2 volts,
and PMIDA oxidation may be observed in the range between
about 3.5 and about 5 volts.

A raw estimate of PMIDA concentration is computed by
function block 405 according to an algorithm such as equa-
tion 1-1 above. A correction factor for the raw PMIDA esti-
mate is computed in function block 409 according to an
empirical correction algorithm which compares previous raw
PMIDA estimated from 405 with measured laboratory values
at known PMIDA concentration. A function block 407
applies the correction factor to a raw PMIDA computation to
obtain a corrected PMIDA concentration. Signals reflecting
the corrected PMIDA concentration are transmitted as an
input to process control system 403, which is programmed
with an algorithm for computing adjusted set points of the
oxygen flow 413 based on inputs from O, flowrates 411 at
levels calculated to afford the desired conversion and residual
PMIDA content in the aqueous product reaction mixture exit-
ing reactor 105 and/or filter 107 as specified by manual inputs
from 401.

In some instances, it may be useful to not only compensate
for the oxidation of C;s in estimating residual PMIDA con-
tent by electrochemical oxidation, but also to obtain a sepa-
rate estimate of the residual concentration(s) of the C,; com-
pounds themselves. The principles as applied above may be
applied to obtain such indication. In the select voltage
method, for example, a separate algorithm may be developed
by regression analysis comparing I, with analytical data for
formaldehyde and formic acid, and with other parameters of
the process such as temperature, rest potential, etc.

As described in further detail above with respect to FTIR,
and below with respect to heat generation, ina batch mode the
rate constant and the order of the reaction may be estimated
from the rate of decline in the reaction rate as a function of
time as determined from a plurality of analyses and/or current
responses and/or other operational data obtained during the
course of the reaction in which the end point is projected, or
from a preceding batch. More particularly, the rate constant
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may be estimated from operational data based on the rate of
exothermic heat generation, the rate of oxygen consumption
in the reaction zone, the rate of generation of CO, in the
reaction zone, or combinations thereof.

Similar determinations can be made from data obtained at
different residence times in a continuous reaction system. For
example, where the reaction is conducted in a continuous
back mixed reaction zone under non-zero order conditions, a
projection may be made based on the PMIDA content of the
reaction medium exiting the penultimate reactor. The order of
the reaction and the kinetic rate constant can be estimated
based on historical operational or analytical data obtained
from laboratory and/or industrial oxidation reactions, includ-
ing recently preceding operations in the continuous back
mixed reaction zone. For example, the kinetic rate constant
may be estimated from the PMIDA content of the feed solu-
tion entering the back mixed reaction zone, and the PMIDA
content of the solution withdrawn from the back mixed reac-
tion zone as a function of the residence time therein.

According to a still further alternative, the PMIDA conver-
sion and/or end point may be estimated from cumulative heat
generation in the reaction zone during the course of the reac-
tion. Because the oxidation reaction is exothermic, means are
provided for transfer of reaction heat from the reaction mix-
ture under feedback temperature control. Thus, if a cooling
fluid such as a source of cooling water is passed through a heat
exchanger, e.g., cooling coils, a cooling jacket or an external
heat exchanger, for controlling the reaction temperature, the
extent of reaction can be estimated from the cumulative heat
dissipation over the batch cycle, as may be determined from
an integrated average of the product of cooling fluid flow rate
and temperature rise through the heat exchanger during the
course of the batch. Thus, the method comprises continually
orrepetitively measuring heat generation during the course of
the reaction, preferably by continually or repetitively measur-
ing both the flow rate of the coolant and the temperature rise
through the heat exchanger, and computing the cumulative
heat generation within a batch reaction zone at any point in a
batch reaction cycle, or in a continuous reaction zone com-
prising a particular reactor or the total of all reactors in a series
of CSTRs. To estimate the conversion, the heat generated in
the reaction zone is compared with the mass of PMIDA
charged to the reaction zone and the exothermic heat of reac-
tion for the oxidation of PMIDA to glyphosate. In a continu-
ous reaction system, such comparison can be made over a
select time period, or repetitively over similar select time
periods. Based on historical analytical data, the value thus
obtained can be adjusted for heat generated in the oxidation of
formaldehyde to formic acid, and formic acid to CO,. Alter-
natively, an estimate of residual C, content may be based, for
example, on FTIR or electrochemical oxidation data. Using
residual C, s concentrations as determined by electrochemical
oxidation, a material balance may be computed to determine
the quantities of formaldehyde and formic acid consumed by
oxidation vs. vent loss. A C, heat balance based on the mate-
rial balance provides a C, oxidation heat component by which
the gross heat generation observed can be adjusted to deter-
mine the quantity of heat associated with oxidation of
PMIDA. For this purpose, the PMIDA charge may be either
the initial charge to a batch reaction zone or the quantity
charged to a continuous reaction zone over the period during
which the cumulative heat generation is measured. In esti-
mating conversion from the cumulative heat generation, the
precision of the estimate is enhanced by a careful and accurate
measurement of the PMIDA charge to a batch reactor, or of
the integrated average instantaneous rate at which PMIDA is
charged to a continuous reaction system.
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Practice of the cumulative heat balance method for estima-
tion of PMIDA conversion is illustrated in FIG. 15. As sche-
matically illustrated, the reaction system comprises a single
batch oxidation reactor 501 and a single external heat
exchanger 503 through which the reaction mixture is circu-
lated during the course of reaction. A cooling fluid is passed
through exchanger 503 at a rate which is regulated by a
control valve 505 and by a temperature controller 507 in
response to a reaction mixture temperature sensor 509 to
maintain a constant temperature of the reaction mixture. Tem-
perature sensors 511 and 513 continually measure the tem-
perature of the cooling fluid entering (T, ;) and exiting (T, o
heat exchanger 503. By means of an orifice or magnetic
flowmeter 515, the flow rate (F) of coolant through the heat
exchanger is also continually measured. Subject to adjust-
ment for heat generated in the oxidation of formaldehyde to
formic acid and formic acid to carbon dioxide, estimation of
PMIDA conversion from cumulative or differential heat gen-
eration may be illustrated as follows:

In determining exothermic heat generated during a batch or
continuous oxidation reaction, the following terms may be
defined for use in quantifying heat rejected to the external
heat exchanger 503 as shown in FIG. 15, assuming a well
mixed reactor and approximately steady state across the heat
exchanger:

(Q=Heat removal rate via heat exchanger, ~ steady state across
heat exchanger J/sec
F(t)=cooling water flow, varies with time

[=] kg/sec
T, o=inlet cooling water temperature

[=1°C.

T, (t)=outlet cooling water temperature, varies with time

[=1°C.

C, = heat capacity of cooling water

[—]L
kg °C.

Assuming steady state across heat exchanger:

O=FOC AL A1)-Te )

R=reaction rate [=] kg/sec

T(t)=reactor temperature [=| ° C.

M=total reaction mass [=] kg, assumed to remain substan-
tially constant

M,=initial mass PMIDA [=] kg

M=final (i.e., residual) PMIDA [=] kg

C,=heat capacity of raw mass [=] J/kg® C.

T z=reference temperature [=| ° C.

AH g=heat of reaction [=] J/kg, negative for exothermic reac-
tions

G-1

ACMT 1) _ gy (5-2)
13
Qz=cumulative heat removed from system [=] J

Op=J0dt (-3)

Integrate equation 5-2 from some initial time in a batch (e.g.,
at t=0, when the reactor temperature is 1) through some final
time (e.g., t=1, when the reactor temperature is T):
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CpM(Ts —To) = ~AHR(M, — M¢) - QF 5-4
or
Qp = —AHp(M, = My) - C, M(Ty - To) 5-%
FOCA(T, f = Top)dt+ CoM(Ty = Tp) ©-9
Mf = Mo + AHR

Further as described above with respect to cumulative oxy-
gen consumption and carbon dioxide generation, the accu-
racy with which cumulative exothermic heat generation is
used to estimate conversion and/or residual PMIDA content
can be enhanced by combining measurement of heat genera-
tion with other methods for determining conversion. For
example, a base point PMIDA content can be determined
analytically from a sample taken at a relatively high conver-
sion, and heat generation measured from the time (or location
within a continuous oxidation reactor system) at which the
base point sample is taken. As in the case of determining
conversion and/or end point from oxygen consumption or
CO, generation, error in measurement of cumulative heat
release, or arising from heat generation other than from oxi-
dation of PMIDA, or PMIDA and C, by-products, is a fraction
only of the incremental heat generation during the final stage
of conversion after the base point rather than a fraction of the
total exothermic heat generated in the conversion of all
PMIDA charged to the reactor.

This combined method enjoys the same advantages as the
combined analytical and oxygen consumption method, or
combined analytical and CO, generation method, as
described above. Thus, it is governed by chemical analysis up
to the high conversion base point during which such analysis
is the most reliable, then switches at the base point to cumu-
lative heat generation over the final stage of the reaction,
during which the latter method typically provides accuracy
superior to that of chemical analysis.

In this combined method, compensation for formation and
consumption of formaldehyde and formic acid can be accom-
plished in the same manner as generally described above with
respect to the oxygen consumption method, and elaborated
below with respect to the heat generation method.

Application of cumulative heat generation after the base
point may be illustrated mathematically as follows:
where:

CO,,,,,~cumulative CO, generation from t,, through t
Gly=N-(phosphonomethyl)glycine

FM=tormaldehyde (CH,O) at time t subsequent to the base
point

FA=formic acid at time t subsequent to the base point
FM,=formaldehyde at the base point as measured analyti-
cally

FA=formic acid at base point as measured analytically
t,=time at the base point analysis (e.g., by FTIR)

Rx, PMIDA+/20,—Gly+CO,+CH,O

Rx, FM+120,—FA

Rx; FA+20,—CO,+H,0

For this reaction system (total molar basis):

COsgen = 2APMIDA, — PMIDA) — (FM + FA) + (FM, + FA,)

COsgen + FM + FA — FM, — FA,
2

PMIDA = —( + PMIDA,
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-continued

QE:dei:f’F([)Cc(Tc,f([)_Tc,o)d[

Equation (5-2) (modified) wherein R, is the rate of reaction
for reactions Rx,, Rx, and Rx; above and Q,,, is heat loss
from the reactor system:

dC,M(T - Tg) Ei .
—r - ® :—§ RilMHgyi — O — Quuss.
ar AHR — 0 = Oloss

i=1

For any initial time t, (but not limited to literal t,=0) the total
heat removed via a heat exchanger through time t=

QE:dei:f’F([)Cc(Tc,f([)_Tc,o)d[

Integrate Equation 5-2 (modified):

dC,M(T - Tg) f’ f’ . .
— —di=- RiAHp;)dr— Qd[_leomd[
«[’ dr o (Z ) o o

o

At high conversion, the left side of this equation can be
assumed approximately zero because at this point in the reac-
tion, the reactor temperature is typically well-controlled and
approximately constant. Moreover, in the last term on the
right side of the equation, Q,,,, can be assumed approxi-
mately a constant for a given reactor system.

Q5 +Qpt—-1,) = —f (Z RiAHgy )d1

For the given reaction system (simplified with three reac-
tions) the reactions can be rewritten:

Gly +2C0; + H,0
Rx, = PMIDA+ 150, >
AHs = AHpy +AHpr + AHpe3
Gly+CO, + FA

Rxp = PMIDA + 10, -
AHp = AHpy) +AHp

Gly +CO, + FM
Rx¢c = PNIDA+0.50; -
AHc =AHpg,

where:

AH, ,=exothermic heat of reaction for Rx,

AH, ,=exothermic heat of reaction for Rx,

AH, ;=exothermic heat of reaction for Rx,
The extent of each the three reactions may be determined by
measuring:

AFM and AFA

Heat ~(FM-FM)AH =(FM-FMy)AH,,
Heaty=(FA—FAo)AH,=(FA-FAo)(AHp, +AHz o)

Heat ;=(PMIDA - PMIDA)— (FM-FMg)—(FA-FA,)
(AHg, \+AHp »+AHp )
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Therefore,
Oz+0;,.(1-1,)=—(Heat ;+Heat p+Heat )

Op+01,55(0-1,)~<(PMIDA-PMIDA ) (AHg,. +AHg o+
AHg 3)-(FMo-FM)(AHpo+AHp )~ (Fdo-F4)
Rx3)

Based on the relationship set forth above, the residual PMIDA
present at any given time subsequent to the base point can be
determined and converted to a concentration. Likewise, those
skilled in the art will understand that the same principles can
be applied to estimate conversion and/or residual PMIDA
content at any given location in a continuous oxidation reac-
tor system downstream of the location from which the base
point sample is taken.

A third approach uses reaction kinetics and thereby avoids
dual measurement (i.e., FTIR+heat release or FTIR+cumula-
tive CO,) and so that just FTIR or HPLC can be used.

d PMIDA .
= kot [PMIDA] a10-1
dr
dFM .
£ = kna [PMIDA - kol FM] (10-2)
d PMIDA
Se—r krua[FM]
dFA .
S =kl M1~ ki [FA] 4o
where:
ky,,=rate constant for conversion of PMIDA to glyphosate
per Rx,
k. »,=rate constant for conversion of CH,O to formic acid
per Rx,
kg, ;=rate constant for conversion of formic acid to CO, per
Rx,

As those skilled in the art will understand, the rate con-
stants as derived above actually constitute a composite of the
actual rate constant and certain other variables, including
mass transfer coefficients and dissolved oxygen content of the
aqueous medium.

After the PMIDA concentration of the oxidation reaction
solution has been measured analytically, e.g., by FTIR, at
relatively high conversion in the non-zero order regime, e.g.,
90% to 95%, the FTIR value is used to calculate ky,, per
equation 10-1. From the established value of k;,, and the
formaldehyde material balance based on further analytical
data for formaldehyde, the value of k, , may be determined
from equation 10-2; and from the established value of kj
and the material balance for formic acid based on further
analytical data for formic acid, the value of k5 may be
determined from equation 10-3. The values of k,_,, k., and
ks may then be used to calculate a new PMIDA concentra-
tion. This iterative calculation is continued while the PMIDA
concentration can be reliably measured using FTIR. Once the
concentration of PMIDA can no longer be reliably measured
using FTIR, the ratio of kz ,/k;.; based on the previous
calculations can be used to calculate k., [PMIDA] by moni-
toring the concentration of formaldehyde. The ratio of k. ,/
kz,; may be modified in subsequent calculations based on
operational experience and historical data, e.g., based on
prior batches, to further refine this approach. This iterative
calculation can be alternatively practiced using PMIDA con-
centration measured by HPLC.

Since the oxidation of PMIDA may be approximated as
first order, the residual PMIDA content may also be inferred
from the residual rate of reaction, as indicated by the instan-
taneous residual rate of heat generation, at the end of the
batch, at the exit of a fixed bed reactor, or under the terminal
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conditions prevailing in the last of a series of CSTRs. In this
regard, the inferences based on the progressively declining
rate of reaction during non-zero order reaction are drawn
substantially as is described above for the estimation of con-
version and/or end point from oxygen consumption or CO,
generation. Essentially, the residual PMIDA concentration is
determinable from the instantaneous rate of heat generation
as related to the mass of aqueous reaction medium contained
in or flowing through the reaction zone. This method can be
calibrated in the manner described above with respect to the
oxygen consumption method, i.e., by estimation of the kinetic
rate constant or function thereof from long term or short term
historical data. Moreover, the estimate of the rate constant can
be further updated in the manner described above, i.e., from
the first derivative of the heat generation rate during the
non-zero order reaction regime, i.e., the second derivative of
cumulative heat generation. Data for updating such estimate
can be generated by measuring the instantaneous rate of heat
generation as a function of time under non-zero order reaction
conditions, i.e., at different points in time toward the end of a
batch reaction cycle, or at differing residence times under
terminal conditions prevailing in the final stage of a continu-
ous reaction system. As the catalyst ages and its activity
declines, the effect on first order rate constants can be peri-
odically re-calibrated by sampling the final stage of a con-
tinuous reaction system, or batch reactor near the end of the
reaction cycle.

Under approximately first order reaction conditions, the
reaction rate is approximately proportional to the product of
residual PMIDA content and dissolved oxygen concentra-
tion. Where dissolved oxygen is maintained at a reasonable
stable level, the reaction may be proportional to residual
PMIDA concentration. Thus, where the value of the kinetic
rate constant is known, e.g., from a series of samples taken at
discrete intervals of time during the non-zero order reaction
period of a recent batch, a recent series of batches, or during
a discrete series of operations at differing flow rates in a
continuous reaction system, residual PMIDA may also be
estimated from the instantaneous rate of heat generation that
is associated with the oxidation of PMIDA:

Continuous (steady-state) or batch with

dT o
dr

Assume:
R=k'm(t)
m(t)=system mass of PMIDA
Substitute into equation 5-2 (C,, M, T, constant)

dr ;
CpM—— = ~AHgkm(t) -

Assume

dT o
dr

at end of reaction:

O =—AHgk-m 6-1)
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-continued
Q (6-2)

= —

—AHp -k

The value of k is dependent on catalyst activity and, thus
tends to decline over time. However, the value of k can be
constantly updated by measuring both the rate of heat gen-
eration and the rate at which the rate of heat generation
declines during the non-zero order reaction period of a batch
reaction system. Similar information may be provided by
operating at different residual times in the non-zero order
zone within a continuous reaction system, e.g., the last of a
series of CSTRs, or the zone near the exit of a plug flow

reactor:
R=km
for batch when
dT _dm 0 (6-3)
TR TR v
dQ (6-4)
d*m _ dm _ dar
diz ~ " di  AHg
.40
T
AHr ~ AHg
(4031 (6-5)
T\ dr 6

An updated estimate of the kinetic rate constant, as
obtained, for example, from a given PMIDA oxidation reac-
tion batch, may be used in estimating residual PMIDA in a
subsequent batch using the same catalyst mass under the
same reaction conditions. In a series of continuous reaction
zones, the updated rate constant, as based on sampling or
inferred from the rate of decline in the rate of heat generation
across the final reaction zone during a select period of opera-
tion, may be used in estimating conversions and controlling
residence times and oxygen flow rates during other opera-
tions, such as: (i) conversion of PMIDA to glyphosate in the
same reactor at a different point in real time; (ii) conversion of
PMIDA to glyphosate in the same reactor at a different resi-
dence time; (iii) conversion of PMIDA to glyphosate in a
different final back mixed reaction zone; and combinations
thereof. Note that the mathematical principles for estimation
of conversion and rate constant, as outlined above with
respect to heat generation, are equally applicable to other
methods for determining conversion, including oxygen con-
sumption, CO, generation and various analytical methods.

Heat generation data may be used to project the conversion
or reaction end point in the manner described above with
respect to FTIR, but more particularly as described in con-
nection with the oxygen consumption method. While FTIR
provides a direct measure of PMIDA content, the oxygen
consumption, carbon dioxide generation and heat generation
methods all yield data which are a function of PMIDA con-
tent, but the nature of the function must be separately estab-
lished. The description above with regard to oxygen con-
sumption deals with this element of the method. Further in
connection with the estimation or projection of conversion
and end point by heat generation, operational data may also
beused to estimate the order of reaction and/or the kinetic rate
constant, again essentially in the manner described above
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with respect to FTIR, as modified according the description
set forth above for the oxygen consumption method.

To compensate for oxidation of C; compounds in the dif-
ferential heat generation method, residual formaldehyde and
formic acid concentrations under terminal conditions can also
be directly measured or estimated from historical data as
described above with regard to the estimation of PMIDA
conversion from oxygen consumption and/or CO, genera-
tion. Alternatively, as noted above, the measured cumulative
heat generation can be adjusted for the effect of C, oxidation
by estimating residual C, content from electrochemical oxi-
dation data for C,; compounds. Moreover, from historical
operating data, the kinetic rate constants for oxidation of
formaldehyde and formic acid may be a known or knowable
function of the kinetic rate constant for oxidation of PMIDA,
as each of these varies with changing catalyst activity and the
oxidation/reduction potential of the aqueous medium.

Also as in the case of oxygen consumption and/or CO,
generation, the conversions estimated from cumulative heat
generation in a continuous reaction system may be adjusted
by any difference in the molar rate at which PMIDA is intro-
duced into the reaction system vs. the molar rate at which the
sum of glyphosate and unreacted PMIDA are withdrawn
therefrom.

Preferably, estimation of conversion by heat generation is
further adjusted for various heat losses from the system,
including conductive heat losses to the environment, sensible
heat loss to the vent gas (O,, CO, and any other inerts), and
evaporative heat loss reflected by the water vapor, formalde-
hyde and formic acid content of the vent gas. To further refine
the estimate obtained from cumulative or differential heat
generation data, the estimate of the sum of the effects of
environmental heat loss and heat loss to said vent gas from a
given reaction batch in a particular reaction zone is adjusted
by comparison of actual conversion data for a given period of
operation to an estimate of conversion that had been com-
puted for a previous batch as produced in said particular
reaction zone. Similarly, the estimate for such losses from a
continuous reactor for a particular period of operation can be
adjusted by comparison with actual conversion data for the
same period of operation at an earlier time.

Estimation of conversion from heat generation data may be
used in combination with either or both of the oxygen con-
sumption and carbon dioxide generation methods described
hereinabove. As noted, it may also be used together with data
from electrochemical oxidation, either for estimation of C,
compounds alone, or for a corroborative estimate of PMIDA
also. As stated above, the various methods of the invention
can be used in various combinations to maximize the infor-
mation obtained and enhance process control schemes. Such
combinations may be particularly useful where one method is
used to monitor the conversion of PMIDA and another
method is used to evaluate the kinetics of the reaction or
compensate for C,; content. All combinations are permuta-
tions of these methods are contemplated because, as
described above, all of them have the capability of providing
useful data on conversion of PMIDA, kinetic rate constants
and order of reaction. And all can be used either to detect or to
project the end point of the reaction or the proper residence
time to achieve a desired conversion.

Multiple combinations of these methods may be suitable
for C, compensation. For example, FTIR or HPLC may pro-
vide a determination of formaldehyde and formic acid con-
tent sufficient to adjust an estimate of PMIDA content based
on oxygen consumption, heat generation, electrochemical
oxidation or carbon dioxide generation. The value of on-line
FTIR for this purpose may be enhanced if the instrument is
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tuned specifically to follow the formaldehyde and formic acid
concentrations. Moreover, non-dispersive i.r. can also be used
to monitor C,s. Additionally or alternatively, a stoichiometric
comparison of cumulative oxygen consumption with cumu-
lative CO, generation may provide a basis for estimating the
fraction of formaldehyde and formic acid that are produced in
the oxidation of PMIDA but not oxidized to CO,. For this
purpose, it may be useful to monitor the difference in instan-
taneous oxygen consumption and CO, generation, and inte-
grate this difference over time to estimate the accumulation of
C,s and/or the destruction thereof. In a further alternative,
select voltage electrochemical oxidation may be useful for
determination of C;s while conversion of PMIDA may be
monitored by instantaneous heat generation, cumulative heat
generation, instantaneous oxygen consumption, cumulative
oxygen consumption, FTIR, HPLC, and/or carbon dioxide
generation, optionally in combination with select voltage
and/or select current electrochemical oxidation. Where oxy-
gen consumption and/or carbon dioxide generation are used
either as primary methods for monitoring PMIDA consump-
tion, or in an auxiliary role for monitoring C, s, the composi-
tion of the vent gas exiting the liquid phase is preferably
monitored as described above with respect to detection of end
point by vent gas O, or CO, content, e.g., by directing a
sample of the liquid phase to a gas/liquid separator or by use
of'a probe which determines the content of nascent gas phase
in the liquid phase. Where select voltage electrochemical
oxidation is used to monitor PMIDA, PMIDA and C;s,or C;s
alone, it may be periodically calibrated by assaying the reac-
tion mixture, e.g., by HPLC.

Under certain conditions, time alone may function as a
useful measure of conversion and/or end point, or may be
used in combination with any one or any combination of the
other methods described herein for the purpose. Where batch
PMIDA and catalyst charge, or continuous reactor PMIDA
and catalyst charge rate, can be precisely measured and reli-
ably controlled, temperature, oxygen flow and agitation pre-
cisely and consistently controlled, successive batches or suc-
cessive operations can be reasonably controlled based on
assay of immediately preceding batches and measurement of
reaction time. In such operations, it may be desirable to intro-
duce the PMIDA charge from a weigh tank and provide
positive shut-off valves or disconnect the charge line from the
reactor after charging is complete. Timed reaction may be an
attractive alternative where, e.g., a batch reactor is operated
with a dedicated catalyst mass, i.e., a catalyst mass that is
segregated from other catalyst masses that are used in the
same or other reactors in a glyphosate manufacturing facility.
If, for example, two separate catalyst masses are dedicated to
a given reactor so that one is being used in the oxidation
reaction while the other is being recovered by filtration, the
reaction time for each batch (n) can be guided by the reaction
time and assay of batch (n-2), after which the reaction time
for batch (n+1) can be guided by reaction time and assay of
batch (n-1), and so on. In a carefully controlled system,
monitoring of total oxygen delivered to the reactor may be
used as an alternative to timing the reaction, or as a cross-
check against determination of conversion or end point by
time alone. Note that, where oxygen input is monitored, it is
also useful to monitor oxygen consumption, so that the oxy-
gen consumption method described above provides a further
cross-check against determination of conversion and/or end
point based on time and/or cumulative oxygen flow.

The various methods of the invention for monitoring
PMIDA content can be used in monitoring streams other than
the product reaction solution obtained in a PMIDA oxidation
reactor. For example, in response to PMIDA concentration in
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crystallization mother liquor streams such as, e.g., streams
129 and 131 of FIGS. 1 and 2, PMIDA purge streams, such as
purge 133 of FIGS. 1 and 2, adjustments may be made to the
conditions of operation of a crystallization process, the purge
fraction, or the division and allocation of process streams for
purposes of allocating unreacted PMIDA among plural gly-
phosate products. The methods of the invention may also be
useful, for example, in monitoring the operation of an ion
exchange system, and in particular for identifying break-
through of chlorides or PMIDA from an ion exchange column
whose duty is to remove them from a stream also comprising
glyphosate as disclosed hereinabove.

Where the order of the oxidation reactions and the rate
constants thereof, etc. are initially determined by laboratory
experimentation, such data may be combined with exother-
mic heats of reaction, material balances, energy balances
(including estimates of environmental heat losses and both
sensible and latent heat losses to reaction gases), and other
process parameters to generate a mathematical model predic-
tive of conversion and end point as a function of the tempera-
ture, oxygen flow, dissolved oxygen, oxidation/reduction
potential, agitation, feed composition and other process vari-
ables that may be imposed and/or measured in the field.
Where the model is based on oxygen consumption, carbon
dioxide generation, and/or heat consumption, it can and pref-
erably does account for the impact of the oxidation of form-
aldehyde to formic acid and formic acid to carbon dioxide on
these observed effects. Such an algorithm may integrate any
number of the end point and conversion methods described
herein, including not only FTIR, but also O, consumption,
CO, generation, vent gas analyses, dissolved oxygen, etc.
From a select combination of such data, a virtual reaction
model may be established from which end points can be
projected with great accuracy. Moreover, such projections
may utilize FTIR or other measurements that are taken, for
example, when 10% or more of PMIDA feed remains unre-
acted and a pseudo zero order reaction, still prevails, e.g., in
the next to last of a series of CSTRs or at a point in a batch
cycle when reaction rate remains directly proportional to
dissolved oxygen concentration independently of PMIDA
content. A control system that is programmed with such a
model may function to adjust independent variables to con-
sistently achieve a target PMIDA concentration in the product
reaction solution. For example, in a batch reaction system, the
point at which oxygen flow is ramped down or terminated can
be adjusted in response to such a predictive model. In a
continuous reaction system, feed rates may be adjusted to
alter residence times in order to achieve a desired conversion
and target exit PMIDA content. In either batch or continuous
operation, a controller programmed with such an algorithm
may be used to adjust temperature, oxygen flow rates, oxygen
pressure, intensity of agitation, etc.

In accordance with the invention, the algorithm may be
updated by computer evaluation of actual plant operating
data, including a combination of actual operating conditions
and precise laboratory analyses of process samples that are
taken routinely in the course of operations. Such computer
evaluation and adjustment may be directly programmed into
the operational end point estimation and control system to
further refine the virtual process model that is used in further
and ongoing end point projection.

A programmed control scheme that incorporates a virtual
model of the reactor, but which may also integrate other
considerations such as market factors is described below.
Programmed Control Scheme

The present invention contemplates the use of essentially
all combinations and permutations of the various measures
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that are described hereinabove for reducing the PMIDA con-
tent of a glyphosate product. The invention further contem-
plates the use of one or more of the above-described schemes
for monitoring PMIDA conversion, and identifying a reaction
end point based on residual PMIDA content. In this regard,
the programmed control scheme may comprise the pro-
grammed end point and oxygen flow control models that are
illustrated in FIGS. 10 and 14, but is not limited thereto. FIG.
14 provides closed loop control of conversion by regulating
oxygen tlow in response to residual PMIDA content. In some
instances, this may suffice for satisfactory control. In other
instances, it may not be technically feasible or economically
attractive to achieve a target PMIDA concentration by resort
solely to increased oxygen flow rate, or solely to increased
purge, or solely to any other single process control stratagem.
Although certain process modifications such as ion exchange,
where justified, may be quite sufficient to achieve any desired
PMIDA level, there can still be advantages in adopting ion
exchange in combination with other operational variations.

In practicing the various methods of the invention, opera-
tional stability, economic optimization, product and emission
specification and/or other advantages and constraints may be
met or achieved by a programmed control scheme under
which a combination of various measures such as increased
oxygen tlow, purge adjustment, allocation of PMIDA among
plural product forms, ion exchange conditions, process flows,
reactor and crystallizer temperatures, reactor and crystallizer
pressures, etc., may be monitored and controlled at values
which achieve a target PMIDA specification in one or more
product forms according to an optimal or otherwise desirable
operational mode. In this connection, it will be understood
that what is referred to as the process control system 403 in
FIG. 14 may be programmed to integrate input signals other
than PMIDA content and oxygen flow and generate output
signals other than oxygen flow set points. The input signals
may include, e.g., reaction temperatures, oxygen flow, oxy-
gen pressure, catalyst concentration, catalyst age and activity,
heat generation dissolved oxygen, oxygen content of vent
gas, CO, content of vent gas, ORP and various scheduling
parameters, in addition to signals from one or more of the
methods described above for monitoring PMIDA conversion
and/or identifying oxidation reaction end points. In accor-
dance with such a control scheme, signals conveying the
prevailing values of various parameters and the control set
points for the control loops for such parameters may be trans-
mitted to a programmed controller which, in response to these
inputs, may generate output signals to adjust the various set
points according to an algorithm inscribed in controller soft-
ware. For example, the algorithm may be adapted to achieve
a target PMIDA content in a specified glyphosate product
form at minimum cost, and/or at maximum throughput, and/
or to meet other product specifications, and/or to conform to
emission standards, etc.

Such a program may be periodically adjusted as necessary
to reflect changes in raw material prices, product demand,
production scheduling, environmental conditions, etc.

Although the various methods of the invention have been
described above with respect to the catalytic oxidation of
PMIDA to glyphosate, the methods are effective in other
oxidation processes. For example, PMIDA conversion and
end point detection can be provided in the oxidation of
PMIDA to N-(phosphonomethyl)iminodiacetic acid-N-ox-
ide by reaction with a peroxide compound in the presence of
a metal catalyst as described in U.S. Pat. Nos. 5,043,475,
5,077,431 and/or 5,095,140. Each of the various methods
described herein can be applied to the peroxide oxidation
process. FTIR and HPL.C analyses operate on the same prin-
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ciples as for catalytic oxidation to glyphosate. Reaction mate-
rial balances for oxygen consumption and CO, generation are
different but known, as are energy balances for heat genera-
tion. For electrochemical methods, the oxidation voltage for
oxidation of PMIDA to N-(phosphonomethyl)iminodiacetic
acid-N-oxide may not be known but can be experimentally
determined by methods known to the art.

Glyphosate Product

By implementation of one or more of the process modifi-
cations and stratagems as described above, a manufactured
glyphosate product may be recovered and removed from the
process in a desired form with a PMIDA content of less than,
6,000 ppm, 5,000 ppm, 4,000 ppm, 3,000 ppm, 2,000 ppm,
1,000 ppm, 600 ppm or even significantly lower. A glyphosate
product of such low PMIDA level can be produced, for
example, in the form of a solid crystalline glyphosate acid, or
in the form of an aqueous concentrate of glyphosate salt, such
as a potassium or isopropylamine salt having a glyphosate
content of at least about 360 gpl, a.e., preferably at least about
500 gpl, a.e., more preferably at least about 600 gpl, a.e.

Glyphosate having a relatively low PMIDA content, e.g.,
not greater than about 0.45 wt. % acid equivalent on a gly-
phosate, a.e., basis, can be prepared by any of a variety of
manufacturing processes. Significant commercial advantages
result from the preparation of glyphosate by a process com-
prising the catalytic oxidation of a PMIDA substrate as
described in detail hereinabove. Glyphosate obtained in this
manner has a very low glyphosine content, typically less than
about 0.010 wt. % acid equivalent on a glyphosate a.e. basis.
It generally has a small but acceptable glycine content, i.e., at
least about 0.02 wt. % acid equivalent as also computed on a
glyphosate, a.e., basis. PMIDA-derived glyphosate product
may also include small, but acceptable concentrations of a
number of other by-products and impurities. These may
include for example: iminodiacetic acid or salt thereof (IDA)
in a concentration of at least about 0.02 wt. % acid equivalent
on a glyphosate, a.e., basis; N-methyl glyphosate or a salt
thereof (NMG) in a concentration of at least about 0.01 wt. %
on a glyphosate, a.e., basis; N-formylglyphosate or a salt
thereof (NFG) in a concentration of at least about 0.010 wt. %
acid equivalent on a glyphosate, a.e., basis; iminobis (meth-
ylenephosphonic acid) or a salt thereof (iminobis) in a con-
centration of at least about 0.010 wt. % acid equivalent on a
glyphosate, a.e., basis; and N-methylaminomethylphospho-
nic acid (MAMPA) or a salt thereof in a concentration of at
least about 0.010 wt. % acid equivalent on a glyphosate, a.e.,
basis.

These relative proportions generally apply regardless of
the form of the glyphosate product, i.e., regardless of whether
it is in the form of solid state glyphosate acid or a concentrated
aqueous liquid solution comprising a glyphosate salt such as,
for example, a potassium, isopropylamine, monoammonium
or diammonium salt. Preferred aqueous concentrates com-
prise at least about 360 grams per liter glyphosate on an acid
equivalent basis, with proportionate minor concentrations of
the common by-products and impurities as listed above.

Further detailed limits and ranges for IDA, NMG, AMPA,
NFG, iminobis, and MAMPA are set out below. All are
expressed on an acid equivalent basis relative to glyphosate,
a.e.

More typically, the IDA content may be between about
0.02 wt. % and about 1.5 wt. %, e.g., between about 0.05 wt.
% and about 1.0 wt. %, on a glyphosate a.e. basis. Preferably,
the IDA content is not greater than about 0.58 wt. %, not
greater than about 0.55 wt. %, or not greater than about 0.50
wt. % on the same basis. In most operations, the product
obtained has an IDA content between about 0.1 and about
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0.58 wt. %, between about 0.1 and about 0.55 wt. %, between
about 0.02 and about 0.55 wt. %, or between about 0.1 and
about 0.50 wt. %.

Generally, the NMG content is between about 0.02 and
about 1.5 wt. %, for example, between about 0.02 and about
1.0 wt. %, or between about 0.070 and about 1 wt. % on a
glyphosate, a.e., basis. Preferably, the NMG content is not
greater than about 0.55 wt. % or not greater than about 0.50
wt. %.

The glyphosate product also typically contains aminom-
ethylphosphonic acid or a salt thereof (AMPA) in a concen-
tration that may be incrementally higher than that of glypho-
sate products which have relatively higher residual PMIDA
content. For example, the AMPA content may range between
about 0.15 and about 2 wt. %, more typically between about
0.2 and about 1.5 wt. % aminomethylphosphonic acid or a salt
thereof on a glyphosate, a.e., basis. In most instances, the
AMPA content is at least about 0.30 wt. % on the same basis.

The NFG content is ordinarily between about 0.01 and
about 1.5 wt. %, e.g., between about 0.03 and about 1.0 wt. %,
more typically between about 0.010 and about 0.70 wt. % on
aglyphosate, a.e., basis. It is generally preferred that the NFG
content be not greater than about 0.70 wt. %, not greater than
about 0.60 wt. %, not greater than about 0.50 wt. %, not
greater than about 0.40 wt. %, or not greater than about 0.30
wt. % on the same basis.

Typically the iminobis content of the glyphosate product is
between about 0.1 and about 1.5 wt. %, e.g., between about
0.2 and about 1.0 wt. % on a glyphosate, a.e., basis. Prefer-
ably, the iminobis content is not greater than about 0.8 wt. %
iminobis(methylenephosphonic acid), normally between
about 0.2 and about 0.8 wt. % on the same basis.

The MAMPA content is ordinarily between 0.1 about and
about 2 wt. %, e.g., between 0.15 about and about 1.0 wt. %
on a glyphosate, a.e., basis. Most typically, the MAMPA
content is at least about 0.25 wt. % MAMPA on the same
basis. Most PMIDA-derived product comprises between
about 0.25 and about 0.6 wt. % MAMPA.

Although the typical levels of these various impurities and
by-products are inconsequential so far as the function, use
and handling of the glyphosate product is concerned, they
serve as markers which distinguish a product produced by
catalytic oxidation of PMIDA from glyphosate product as
produced by other processes. The presence of such impurities
and by-products in the upper portions of the above described
ranges have some measurable impact on manufacturing pro-
cess yields, and thus on product manufacturing cost.

To provide a reliable commercial source of glyphosate
having a relatively low residual PMIDA content, it is neces-
sary to either operate the manufacturing process on a sus-
tained basis to consistently produce glyphosate product of
low PMIDA content, or to segregate product from designated
operations in order to accumulate commercial quantities of
low PMIDA product.

Although glyphosate products having a low PMIDA con-
tent have been incidentally produced on a transient basis
during startup of a manufacturing facility for the catalytic
oxidation of PMIDA to glyphosate, or in operation well
below rated capacity, the processes of the prior art have not
been effective for the preparation of a low PMIDA glyphosate
product on a continuing basis during steady state operations
at or near capacity. Thus, each of the various glyphosate
products of the invention encompasses a lot, run, shipment,
segregate, campaign or supply of glyphosate product as pro-
duced by a process capable of maintaining a low PMIDA
content on a continuing basis. According to the present inven-
tion, such a lot, run, shipment, campaign, segregate or supply
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comprises a quantity of solid state glyphosate acid, or con-
centrated aqueous solution of glyphosate salt, comprising at
least 1500 metric tons, preferably at least about 3000 metric
tons, glyphosate on a glyphosate a.e. basis.

For purposes of this invention, a “lot” may be considered a
designated quantity of glyphosate product that is produced
under substantially consistent process conditions in a particu-
lar manufacturing facility during a defined period of opera-
tions or over a designated period of time. Production of the lot
may be interrupted for production of other glyphosate prod-
uct or non-glyphosate product, or purge of impurities from
the process, but not otherwise by catalyst replacement, turn-
around or startup operations. Glyphosate may be produced
according to various different processes, some of which (e.g.,
aprocess comprising the aqueous phase catalytic oxidation of
PMIDA) can be conducted in either a batch or continuous
mode in the oxidation step and/or or in the recovery of gly-
phosate by crystallization thereof from an aqueous medium.
With reference to a process comprising a batch reaction and/
or batch glyphosate crystallization operation, it is understood
that a lot may comprise the product of a plurality of batches.

A “run” is quantity of glyphosate product made in a par-
ticular manufacturing facility in continuing or consecutive
operations over a designated period without interruption for
maintenance, catalyst replacement, or catalyst loading. It
may include both startup and steady state operations. With
reference to a batch reaction and/or batch glyphosate crystal-
lization operation, it is understood that a run may comprise
the product of a plurality of batches.

A “campaign” is a series of runs conducted over an iden-
tifiable period of time during which the runs may be inter-
rupted by other runs not part of the campaign or by purge of
impurities, or for maintenance, but not by turnaround or cata-
lyst replacement. No more than one of the runs may include
startup operations; provided, however, that more than one of
the runs may comprise operation at a rate more than 30%
below established capacity. Compare the description of star-
tup operations as set out hereinbelow.

A “shipment” is a commercial quantity of glyphosate prod-
uct transported to a particular customer or user in either a
single unit, single combination of units, consecutive units, or
consecutive combinations of units without interruption by
transport of a commercial quantity of a glyphosate product of
materially different average PMIDA content on a glyphosate,
a.e., basis to the same user or customer. A materially different
PMIDA content is PMIDA content that is either more than
0.15 wt. % higher than the average PMIDA content of the
shipment on a glyphosate, a.e., basis, more than 35% higher
than the average PMIDA content of the shipment on a PMIDA
basis, or is above 4500 ppm on a glyphosate a.e. basis.

A “supply” is a series of shipments that may be interrupted
by other shipments of glyphosate product to other customers
or users.

A “segregate” is a quantity of glyphosate product that is
isolated from other glyphosate product produced in the same
manufacturing facility over the same period of time (i.e., the
time during which the segregate is produced). The segregate
may be produced in different runs, and may be allocated
among different shipments or different supplies.

Startup operations are operations that are conducted in a
manufacturing facility in which glyphosate product has not
previously been produced, or directly following interruption
of the production of glyphosate product and removal of a
substantial fraction of the inventory of process liquids con-
tained in process equipment, with the effect of lowering the
total inventory of by-products and impurities in the process
facility by at least 25 wt. %. Impurities and by-products
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include PMIDA, IDA, AMPA, NMG, NFG, iminobis(meth-
ylenephosphonic acid), MAMPA, formic acid, NMIDA, gly-
cine and glyphosine. For purposes of this invention, opera-
tions at a rate that is more than 30% below currently
established capacity of a manufacturing facility is also
deemed within the ambit of startup operations.

Following are Examples presented to illustrate the present
invention and are not intended to limit the scope of this
invention. The examples will permit better understanding of
the invention and perception of its advantages and certain
variations of execution.

Example 1

Use of Dual Probe Electrode in Electrochemical
Oxidation Method for End Point Determination in
Catalytic Batch Oxidation of PMIDA to Glyphosate

To a 1 liter autoclave pressure vessel was charged 11.4
grams of 99% purity PMIDA. 1.4 grams of fresh activated
carbon catalyst was added, along with 420 grams of water.
The pressure vessel was closed, and agitation at 300 rpm was
started. The dual probe electrode was mounted in the bottom
of'this vessel. Oxygen gas was introduced subsurface into the
vessel, and the pressure was allowed to rise to 60 psig. Excess
oxygen and other off gases were allowed to vent to atmo-
sphere. The reaction mass self heated to 90° C., and was
maintained at this temperature by heat removal through a
chilled water cooling coil. The progress of the reaction was
followed by tracking the voltage response. After about 30
minutes, the voltage began to rise, indicating the disappear-
ance of PMIDA. After a voltage rise of 0.2 volts, the reaction
was stopped. The glyphosate solution was pumped out of the
autoclave through a fritted filter, leaving the carbon catalyst
behind. The filtrate solution was cooled, and the glyphosate
allowed to crystallize. Residual PMIDA was determined to be
very low.

Example 2

Use of Cumulative Heat and CO, Gas Evolution to
Track the Progress of the Reaction of PMIDA to
Glyphosate

The referenced chemical process takes place in two steps.
In the first, PMIDA is oxidized to PMIDA N-oxide with
hydrogen peroxide in the presence of a tungsten catalyst. This
PMIDA N-oxide intermediate material is isolated, and then
catalytically decomposed to glyphosate accompanied by an
equimolar generation of CO,. This catalytic decomposition is
highly exothermic, and is controlled by the rate of vanadium
sulfate catalyst addition. If the catalyst addition is too fast, the
reaction can overheat and switch to an uncontrolled thermal
decomposition. The rate of CO, evolution is used to track the
reaction rate and control catalyst addition. The cumulative
heat generation in this step is used to determine when the
reaction reaches 90% completion, at which point the catalyst
addition is stopped.

Into a 16000 liter vessel was added 2100 liters of water,
1600 kg of PMIDA and 4 kg of Na, WO, catalyst. This slurry
was heated to 60° C. 394 liters of H,0O, was slowly added to
form the PMIDA N-oxide. Excess peroxide was destroyed
with addition of sodium metabisulfite. The intermediate
(PMIDA N-oxide) material slurry was pumped to a 12000
liter vessel, where 3 kg of 33% VOSO, was slowly added.
CO, evolution was closely monitored to track reaction rate,
and cumulative heat was used to track the % completion of the
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reaction. If CO, evolution exceeded 2000 liters per minute,
the rate of catalyst addition was slowed or stopped until the
CO, evolution rate dropped below 2000 liters per minutes.
Reaction heat was totalized until about 290,000 kCal of heat
was removed (90% completion). At this point, the catalyst
addition was stopped, and the reaction slurry cooled. Solid
glyphosate was separated by centrifugation. PMIDA and
PMIDA N-oxide levels were found to be very low.

In view of the above, it will be seen that the several objects
of the invention are achieved and other advantageous results
attained.

As various changes could be made in the above description
without departing from the scope of the invention, it is
intended that all matter contained in the above description or
shown in the accompanying drawings shall be interpreted as
illustrative and not in a limiting sense.

When introducing elements of the present invention or the
preferred embodiments thereof, the articles “a”, “an”, “the”,
and “said” are intended to mean that there are one or more of
the elements. The terms “comprising”, “including,” and “hav-
ing” are intended to be inclusive and mean that there may be
additional elements other than the listed elements.

What is claimed is:

1. A method for monitoring or detecting a conversion of
N-(phosphonomethyl)iminodiacetic acid to N-(phospho-
nomethyl)glycine in the course of a catalytic oxidation of
N-(phosphonomethyl)iminodiacetic acid in an aqueous
medium, the method comprising:

introducing an aqueous medium containing N-(phospho-

nomethyl)iminodiacetic acid into an oxidation reaction
zone;

contacting N-(phosphonomethyl)iminodiacetic acid with

an oxidizing agent in the aqueous medium within said
oxidation reaction zone in the presence of an oxidation
catalyst, thereby effecting oxidation of N-(phospho-
nomethyl)iminodiacetic ~ acid and  producing
N-(phosphonomethyl)glycine;

measuring the generation of carbon dioxide in said reaction

zone;

identifying a transition point after which the rate of oxida-

tion of N-(phosphonomethyl)iminodiacetic acid is non-
zero order;

estimating residual N-(phosphonomethyl)iminodiacetic

acid concentration at a base point during non-zero order
oxidation;

identifying an end point subsequent to the base point from

a correlation of carbon dioxide generation with residual
N-(phosphonomethyl)iminodiacetic acid in the reaction
zone during non-zero order oxidation;

wherein the measured generation of carbon dioxide is

adjusted to account for an estimate of carbon dioxide
generated by oxidation of formaldehyde and formic acid
in said reaction zone to provide an estimated conversion
of  N-(phosphonomethyl)iminodiacetic  acid to
N-(phosphonomethyl)glycine.

2. A method as set forth in claim 1 wherein identification of
said transition point comprises measurement of the instanta-
neous rate of carbon dioxide generation, the instantaneous
rate of oxygen consumption, or the instantaneous rate of heat
generation in the reaction zone, said transition point being
indicated by a decline in any of said instantaneous rates.

3. A method as set forth in claim 1 wherein the
N-(phosphonomethyl)iminodiacetic acid concentration at
said base point is estimated from cumulative carbon dioxide
generation to that point as adjusted by an estimate of cumu-
lative carbon dioxide attributable to oxidation of formalde-
hyde and formic acid.
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4. A method as set forth in claim 1 wherein the
N-(phosphonomethyl)iminodiacetic acid concentration at
said base point is determined from analysis of a sample taken
at the base point.

5. A method as set forth in claim 1 wherein the end point
subsequent to the base point is estimated from cumulative
CO, generation subsequent to the base point as adjusted by an
estimate of the cumulative carbon dioxide generation subse-
quent to the base point that is attributable to oxidation of
formaldehyde or formic acid.

6. A method as set forth in claim 1 wherein the end point
subsequent to the base point is estimated from instantaneous
CO, generation rates subsequent to the base point as adjusted
by an estimate of the instantaneous carbon dioxide generation
rates subsequent to the base point that are attributable to
oxidation of formaldehyde or formic acid.

#* #* #* #* #*

10

15

72



